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ABSTRACT 
The MCM complex is a replicative helicase, which is essential for chromosome DNA replication. 
In recent years, the identification of a novel MCM-binding protein (MCM-BP) in most eukaryotes has led 
to numerous studies investigating its function and its relationship to the MCM complex. However, the 
mechanisms by which MCM-BP functions and associates with MCM complexes are not well understood; 
in addition, the functional role of MCM-BP remains controversial and may vary between model 
organisms. The present study aims to elucidate the nature and biological function of the MCM-BP 
ortholog, Mcb 1, in fission yeast. The Mcb 1 protein continuously interacts with MCM proteins during the 
cell cycle in vivo and can interact with any individual MCM subunit in vitro. To understand the detailed 
characteristics of mcbr, two temperature-sensitive mcbl gene mutants (mcbtS) were isolated. Extensive 
genetic analysis showed that the mcbts mutants were suppressed by a mcm5 multi-copy plasmid and 
displayed synthetic defects with many S-phase-related gene mutants. Moreover, CDK modulation by 
Cig2 repression or Rum 1 overproduction suppressed the mcbts mutants, suggesting the involvement of 
Mcb 1 in pre-RC formation during DNA replication. These data are consistent with the observation that 
Mcm7 loading onto replication origins is reduced and S-phase progression is delayed in mcbl ts mutants. 
Furthermore, the mcbts mutation led to the redistribution of MCM subunits to the cytoplasm, and this 
redistribution was dependent on an active nuclear export system. These results strongly suggest that Mcb I 
promotes efficient pre-RC formation during DNA replication by regulating the MCM complex. 
1. INTRODUCTION 
1.1 Yeast outline and history 
Yeast is a unicellular eukaryote belonged to the kingdom Fungi. Yeast is ubiquitous 
microorganism and commonly can be found in sugar rich environment, such as the skins of fruits 
(especially grapes, apples or peaches) and flower nectar. Yeast can also be found in various ecosystems, 
such as the air, gut flora of some mammals or between the toes of human. 
The word yeast itself derived from the Sanskrit word "yas", which means "to seethe or boil". 
Other suggestion stated that the word comes from the old English "gist / gyst" or from proto-Indo-
European root "yes", meaning boil, bubble, or foam. From the name, it is easy to understand that this 
microorganism is chemoorganothroph and has the ability to convert simple sugars (glucose, fructose) or 
complex ones, such as starch, into alcohol and carbon dioxide. This conversion happens in anaerobic 
condition, but as facultative anaerobic organism, yeast can also grow in the presence of oxygen. 
For this fermentation ability, yeast is among the earliest microorganisms domesticated by human 
and the history goes far back to the Egyptian era some-4000 years ago. The most common function of 
yeast for human is in bread leavening and alcoholic beverages fermentation. Recently, yeast has also been 
used as agent in microbial fuel industry, bioremediation, as probiotics, and food supplements. However, it 
is worthy to note that not all species of yeast are useful or harmless. Some species, such as Candida 
albicans, are pathogenic and can cause infections (en.wikipedia.org, Legras et al., 2007)) 
Though today almost 1500 species of yeast had been well-described, the most common used 
yeast is Saccharomyces cerevisiae in the phylum Ascomycota. Itis so universally used in everyday life in 
bread and alcoholic drinks production that this species is called baker's yeast. This species also benefits 
human in completely different field of cell biology research. It is simple eukaryotic cell, easy to maintain, 
cultured and manipulated in laboratory. The usage of S. cerevisiae has been proven very useful and 
powerful in obtaining information in genetics and fundamental cellular processes, it served as a popular 
model organism for all eukaryotes. Until around 50 years ago, the word yeast in research usually means S. 
cerevisiae (Ostergaard et aI., 2000; Barnet and Lichtenthaler, 2001). 
1.2 Isolation and general description of Schizosaccharomyces pombe 
S. pombe was first isolated from East African millet beer by P. Lindner. He named the species 
after Swahili word for beer, "pombe". Lindner was also the first to describe this species in Wochenschrift 
fur Brauerei in 1893. Lindner isolate was a homothallic stain containing cells of both the + and - mating 
type, which can mate pair-wise and form asci containing four ascospores. In the mean time, S. pombe was 
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also isolated by Dutch physician and scientist Adolphe Guillaume Vorderman (1893) and professor of 
physiology Christiaan Eijkman (1894) from arrack fermentation in Java, Indonesia and further reported in 
Centralblatt fur Bakteriologie und Parasitenkunde in 1894. However, as they only isolated one mating 
type, they failed to recognize that this species is S. pombe. This mistake was revised by Stelling-Dekker 
(1932) who recognized the isolate as S. pombe and W. Ch. Sloof (1970) who demonstrated that the isolate 
of the heterothallic strain of S. pombe was capable to mate with S. pombe with the opposite mating type 
(Kuramae et al., 2006). 
Taxonomically, the genus Schizosaccharomyces has only consisted of three unique species: S. 
pombe, S. octosporus, and S. japonicus. But only S. pombe has been extensively studied for decades. The 
scientific interests to S. octosporus and S. japonicus are only mediocre at best or have only just begun in 
the recent years. Phylogenetically, it was thought that S. pombe was closely related to S. cerevisiae, both 
being members of ascomycete fungi (Kuramae et al., 2006). However, recent classification determined 
that they have very distinct lineage, as shown in the Fig 1-1. 
As organisms with distinct lineage which were predicted to deviate approximately 300-600 million 
years ago, it is to be expected that there are many differences of S. cerevisiae and S. pombe. Some of the 
differences are listed in Table 1-1. 
Phyllum 
Ascomycota 
archaeascomycetes - Schizosaccharomyces pombe 
hemiascomycetes 
(budding yeast) cc: 
Saccharomyces cerevisiae 
Candida albicans 
Pischia pastoris 
E Neurospora euascomycetes Aspergillus (filamentous yeast) Penicillium 
FIGURE 1-1. The phylogenetic tree of Ascomycota fungi. 
The figure is adapted from http://www-bcf.usc.edu/~forsburg/history I.html. 
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Table 1-1. The phenotype of Shizosaccharomyces pombe and Saccharomyces cerevisiae. 
The phenotype differences between the two yeasts are apparent in many aspects, including cell 
morphology, size, state, propagation method, DNA state and cell cycle phase length. 
S. pombe S. cerevisiae 
Cell morphology rod round to ovoid 
Cell size 3-4 f.1m (diameter), 7-14 f.1m (length) 5-10~min diameter 
Number of chromosomes 16 3 
Cell state haploid diploid 
Number ofintrons ±5000 250 
Propagation method fission budding 
Extended period of cell cycle G2 Gl 
Interestingly, as stated in the chart above, most of S. pombe cells is present as haploid, a 
characteristics highly valuable for genetical studies. The cells show reluctance to maintain diploid state 
and quickly try to resume its haploid state. Diploid state only happens after mating of 2 cells with suitable 
mating type under nutrient starvation and afterwards swiftly proceeds to meiosis which produces 4 
haploid spores (Morgan, 2007). The life cycle of S. pombe is depicted in Fig. 1-2 (the cell cycle will be 
discussed in more detailed in the next section). 
1.3 Initial research of Schizosaccaromyces pombe 
S. pombe was used as experimental model since early 1950s. The studies were conducted by two 
eminent biologists Murdoch Mitchinson and Urs Leopold. Mitchinson studied the mechanism and 
kinetics of growth in Edinburgh, UK while Leopold investigated the basic mechanism of genetics in 
Zurich and Berne, German. To support his research, Leopold developed reliable method and condition for 
controlled genetic crosses by utilization of mating types and successfully isolated experimental crosses 
mutants. By 1970s, few other laboratory groups had joined in and focused on genetic studies using S. 
pombe. 
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F i s s i o n  y e a s t  u s u a l l y  e x i s t s  i n  h a p l o i d  s t a t e  a n d  p r o l i f e r a t e s  t h r o u g h  f i s s i o n  i n  v e g e t a t i v e  c y c l e  ( u p p e r  l e f t  
f i g u r e ) .  H o w e v e r ,  w h e n  t h e  c e l l s  a r e  s t a r v e d ,  t h e  c e l l s  w i t h  o p p o s i t e  m a t i n g  t y p e  ( d e p i c t e d  w i t h  b l u e  a n d  
r e d  n u c l e u s )  c o n j u g a t e  t o  f O l m  t e m p o r a r y  d i p l o i d  s t a t e  a n d  e n t e r  t h e  m e i o t i c  c y c l e .  T h e  m e i o s i s  p r o c e s s  
p r o d u c e s  f o u r  h a p l o i d  s p o r e s ,  w h i c h  w i l l  g r o w  t o  h a p l o i d  c e l l s  i n  f a v o r a b l e  e n v i r o n m e n t .  T h e  t y p i c a l  
p h e n o t y p e  o f  f i s s i o n  y e a s t  i n  e a c h  c e l l  c y c l e  p h a s e  i s  d e p i c t e d  i n  t h e  u p p e r  r i g h t  f i g u r e .  T h e  f i g u r e  i s  
a d a p t e d  f r o m  M o r g a n  ( 2 0 0 7 )  a n d  http://www-bcf.usc.edu/~forsburg/main4.html, w i t h  m o d i f i c a t i o n .  
T h e  p o p u l a r i t y  o f  f i s s i o n  y e a s t  a s  t h e  e x p e r i m e n t a l  m o d e l  i n c r e a s e d  d r a m a t i c a l l y  i n  t h e  e a r l y  
1 9 7 0 s  b y  t h e  w o r k  o f  P a u l  N u r s e ,  a  p r o m i n e n t  B r i t i s h  g e n e t i c i s t  a n d  c e l l  b i o l o g i s t .  H e  c o m b i n e d  t h e  t w o  
f i e l d s  o f  s t u d y  o f  M i t c h i n s o n  a n d  L e o p o l d  t o  t h e  s t u d y  o f  m o l e c u l a r  b i o l o g y  o f  t h e  c e l l  c y c l e .  T o g e t h e r  
w i t h  R i c h a r d  T i m o t h y  H u n t ,  a n  E n g l i s h  b i o c h e m i s t ,  a n d  L e l a n d  H a r r i s o n  H a r t w e l l ,  a n  A m e r i c a n  l e a d i n g  
s c i e n t i s t ,  t h e y  w e r e  a w a r d e d  t h e  2 0 0 1  N o b e l  P r i z e  i n  P h y s i o l o g y  a n d  M e d i c i n e  f o r  t h e i r  w o r k  i n  t h e  
d i s c o v e r y  a n d  c h a r a c t e r i z a t i o n  o f  c d c 2  a n d  c y c l i n - d e p e n d e n t  p r o t e i n  k i n a s e s  ( C D K s )  a s  m a j o r  f a c t o r s  i n  
t h e  G  l - S  a n d  G 2 - M  c h e c k p o i n t  c o n t r o l  s y s t e m  ( h t t p : / / w w w 1 . b i o . k u . d k / e n g l i s h / r e s e a r c h / f g /  
c e l l e c y k l u s _ g e n o m i n t e g r i t e t / h i s t o r y / ) .  
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Afterwards, researches using fission yeast grows rapidly among many contemporary research 
groups. The importance of fission yeast in science field expanded widely so that it was the second 
organism to have its genome sequenced, after S. cerevisiae. The genome was fully sequenced by 2002 
and published by a consortium led by the Sanger Institute. In addition, the sub-cellular organization of 
proteins in S. pombe was established in 2006 using green fluorescent protein as tag. Nowadays, fission 
yeast is extensively used to investigate various aspects in molecular biology and genetics, such as 
response to DNA damage, detailed process of DNA replication, signal transduction, cell cycle progression, 
etc. This thesis focuses on the elucidation of the molecular mechanism of a protein closely related to 
DNA replication, termed Mcb 1. The background theory and previous researches leading to this work will 
be discussed in the next parts. 
1.4 Cell cycle overview 
Cell cycle or cell-division cycle is a concerted series of events in the cell organizing its division 
and duplication. Typically, the eukaryotic cell cycle is divided into 4 major phases; S, M, G 1, and G2, 
with GO to mark the stage in which the cell is in prolonged non-division state (Fig. 1-3A). The DNA 
replication happens at S or synthetic phase. In this phase, the DNA double helix are separated into 2 
single strands and new DNA strands are synthesized from both initial strands by special enzyme, resulting 
in sister chromatids formation. M phase consists of 2 major events; nuclear division (mitosis) and cell 
division (cytokinesis). In nuclear division, the sister chromatids are separated equally and packed to form 
two daughter nuclei. Afterwards, the cell divides into two new daughter cells in cytokinesis, each contains 
a daughter nuclei. Collectively, the period between 2 consecutive M phases are called interphase. In 
addition to these major phases, cell cycle contains additional phases or Gap phases between Sand M 
phase. G 1 occurs before S phase and G2 occurs before M phase. This Gap phases allow the cell to prepare 
for the upcoming phases and also serve as regulatory transitions. G 1 is viewed as extremely important 
phase, as this phase is when the cell decides either to continue division or exit from cell cycle and enters 
GO state. The amount of time required for each phase is varied between organisms. The schematic cell 
cycle structure of fission yeast is given in Fig. 1-3B. As shown in the figure, fission yeast has relatively 
slow cytokinesis and this process is even not completed after S phase of the following cell cycle. The next 
round of DNA replication begins soon after the mitosis, but the final separation of the two daughter cells 
of the previous round occurs after the next S phase is finished (Morgan, 2007). 
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M :  g r e e n  C y t o k i n e s i s :  b l u e  
( A ) ,  T h e  c h r o m o s o m e  d u p l i c a t i o n  t a k e s  p l a c e  I n  S  p h a s e ,  f o l l o w e d  b y  c h r o m o s o m e  s e g r e g a t i o n  a n d  
n u c l e a r  d i v i s i o n  ( m i t o s i s )  a n d  c e l l  d i v i s i o n  ( c y t o k i n e s i s ) ,  w h i c h  a r e  c a l l e d  M  p h a s e .  M  p h a s e  i s  d i v i d e d  
f u r t h e r  i n t o  p r o p h a s e ,  m e t a p h a s e ,  a n a p h a s e  a n d  t e l o p h a s e .  M e t a p h a s e  i s  t h e  s t a g e  w h e n  t h e  s i s t e r  
c h r o m a t i d s  a r e  a l i g n e d  o n  t h e  m i t o t i c  s p i n d l e ,  w h i l e  a n a p h a s e  i s  t h e  s t a g e  w h e n  s i s t e r  c h r o m a t i d s  a r e  
s e p a r a t e d  a n d  p u l l e d  t o  o p p o s i t e  s p i n d l e  p o l e s .  G  1  i s  t h e  g a p  p h a s e  b e t w e e n  M  p h a s e  a n d  t h e  s u b s e q u e n t  
S  p h a s e  a n d  w h e n  t h e  c e l l  p r e p a r e s  f o r  D N A  s y n t h e s i s .  G 2  i s  t h e  g a p  b e t w e e n  S  p h a s e  a n d M  p h a s e  a n d  
w h e n  t h e  c e l l  p r e p a r e s  f o r  m i t o s i s ,  i n c l u d i n g  t h e  d u p l i c a t i o n  o f  a l l  c e l l  c o m p o n e n t s  e x c e p t  D N A .  T h e  
f i g u r e  i s  a d a p t e d  f r o m  h t t p : / / w w w . b d b i o s c i e n c e s . c o m / r e s e a r c h / a p o p t o s i s / a n a l y s i s / i n d e x . j s p .  
( 8 ) ,  C e l l  c y c l e  s t r u c t u r e s  o f  S .  p o m b e .  A  f u l l  c e l l  c y c l e  o f  S .  p o m b e  t a k e s  a b o u t  4  h .  E a c h  c e l l  c y c l e  p h a s e  
i s  c o l o r  c o d e d ;  r e d  f o r  S  p h a s e ,  g r e e n  f o r  m i t o s i s  a n d  b l u e  f o r  c y t o k i n e s i s .  I n  f i s s i o n  y e a s t ,  c y t o k i n e s i s  i s  
n o t  c o m p l e t e d  u n t i l  w e l l  i n t o  t h e  n e x t  c e l l  c y c l e  a n d  G  I  i s  d e f i n e d  a s  t h e  g a p  b e t w e e n  t h e  e n d  o f  m i t o s i s  
a n d  t h e  b e g i n n i n g  o f  t h e  n e x t  S  p h a s e .  T h e  f i g u r e  i s  a d a p t e d  f r o m  M o r g a n  ( 2 0 0 7 ) .  
R e g u l a t i o n  o f  c e l l  c y c l e  e v e n t s  i n v o l v e d  a  c o m p l e x  c o n t r o l  s y s t e m .  T h e  c e n t r a l  c o m p o n e n t s  o f  
t h i s  s y s t e m  a r e  a  f a m i l y  o f  e n z y m e s  c a l l e d  t h e  c y c l i n - d e p e n d e n t  k i n a s e s  ( C d k s ) .  H o w e v e r ,  f i s s i o n  y e a s t  
h a s  o n l y  o n e  C d k ,  C d k  1 .  C d k l  k i n a s e  a c t i v i t y  i s  t r i g g e r e d  b y  b i n d i n g  t o  i t s  t a r g e t  p r o t e i n s ,  t h e  c y c l i n s .  
T h e  c h a n g e s  i n  t h e  c y c l i n  p h o s p h o r y l a t i o n  s t a t e  b y  C d k  I  b i n d i n g  d e t e r m i n e  i t s  a c t i v i t y  o r  i n t e r a c t i o n  w i t h  
o t h e r  p r o t e i n s .  E a c h  c e l l  c y c l e  p h a s e s  h a s  d i s t i n c t  c y c l i n  p r o t e i n s ;  G  l i S  c y c l i n ,  S  c y c l i n  a n d  M  c y c l i n .  
C o n s e q u e n t l y ,  t h e  o s c i l l a t i o n  o f  C d k  1  a c t i v i t y  d e p e n d s  o n  t h e  p r o d u c t i o n  a n d  d e g r a d a t i o n  o f  t h e s e  
p r o t e i n s ,  a s  s h o w n  i n  F i g .  1 . 4 .  T o g e t h e r ,  t h e  c y c l i n - C d k l  c o m p l e x e s  e s t a b l i s h  a  t i g h t  r e g u l a t o r y  s y s t e m  
t h a t  g o v e r n s  t h e  c e l l  c y c l e  p r o g r e s s i o n .  B a s e d  o n  t h e  o c c u r r e n c e  o f  C y c l i n - C d k  1  c o m p l e x ,  t h e r e  a r e  t h r e e  
m a j o r  r e g u l a t o r y  c h e c k p o i n t s  d u r i n g  c e l l  c y c l e  p r o g r e s s i o n .  T h e  f i r s t  o n e  i s  S t a r t  o r  G  l i S  c h e c k p o i n t .  
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G l I S  e y e l i n  
G  l / S - C d k  S - C d k  
e y e l i n - - . .  
G l  I  
S t a r t  
C d k  o f f  
-
S  e y e l i n  
s  
C d k  o n  
M  e y e l i n  
A P C  
M - C d k  A P C  
G 2  
I  •  
G 2 / M  m e t a p h a s e - a n a p h a s e  ( M )  
C d k  o f f  
F I G U R E  1 - 4 .  T h e  c e l l  c y c l e  c o n t r o l  s y s t e m  ( a d a p t e d  f r o m  M o r g a n ,  2 0 0 7 ) .  
G l  
C y c l i n s  l e v e l s  r i s e  a n d  f a l l  d u r i n g  t h e  c e l l  c y c l e  a n d  r e s p o n s i b l e  t o  o s c i l l a t i o n s  I n  t h e  c y c i i n - C d k l  
c o m p l e x .  U n l i k e  c y c l i n s ,  C d k l  l e v e l  i s  c o n s t a n t  t h r o u g h o u t  t h e  c e l l  c y c l e ;  t h u s ,  t h e  e n z y m a t i c  a c t i v i t y  o f  
c y c l i n - C d k l  c o m p l e x  i n  c e l l  c y c l e  s t a g e s  d e p e n d s  o n  t h e  r e s p e c t i v e  c y c l i n  l e v e l s .  T h e  f o r m a t i o n  a n d  
a c t i v a t i o n  o f  c y c l i n - C d k  c o m p l e x e s  i s  a l s o  i n f l u e n c e d  b y  C d k  i n h i b i t o r  p r o t e i n s  o r  p h o s p h o r y l a t i o n .  
F o r m a t i o n  o f  a c t i v e  G  1 / S - C d k l  c o m p l e x  t r i g g e r s  t h e  c e l l  t o  e n t e r  t h e  S t a r t  c h e c k p o i n t  i n  l a t e  G  1 .  G  1 / S -
C d k l  t h e n  a c t i v a t e s  t h e  S - C d k l  c o m p l e x  t h a t  i n i t i a t e s  D N A  r e p l i c a t i o n  i n  t h e  e a r l y  S  p h a s e . M - C d k  i s  
a c t i v a t e d  i n  t h e  e n d  o f  S  p h a s .e ,  r e s u l t i n g  i n  p r o g r e s s i o n  t h r o u g h  t h e  G 2 / M  c h e c k p o i n t  a n d  a s s e m b l y  o f  t h e  
m i t o t i c  s p i n d l e .  A P C  a c t i v a t i o n  t h e n  t r i g g e r s  s i s t e r - c h r o m a t i d  s e p a r a t i o n  a t  t h e  m e t a p h a s e - t o - a n a p h a s e  
t r a n s i t i o n  a n d  t h e  c o m p l e t i o n  o f  m i t o s i s  a n d  c y t o k i n e s i s .  A P C  a c t i v i t y  i s  m a i n t a i n e d  u n t i l  G  1 / S - C d k  
a c t i v i t y  r i s e s  a g a i n  a n d  t h e  c e l l  s t a r t s  a  n e w  c y c l e .  
1 . 5  O u t l i n e  o f  e v e n t s  l e a d i n g  t o  D N A  r e p l i c a t i o n  
G e n o m e  i n t e g r i t y  d e p e n d s  o n  s u c c e s s f u l  a n d  f a i t h f u l  D N A  r e p l i c a t i o n ,  w h i c h  r e l i e s  o n  t h e  
c o n c e r t e d  a c t i v i t y  o f  m u l t i p l e  r e p l i c a t i o n  p r o t e i n s .  T h e  t e m p o r a l  a n d  s p a t i a l  r e g u l a t i o n  o f  D N A  r e p l i c a t i o n  
a n d  t h e  c e l l  c y c l e  c o n t r o l  s y s t e m  e n s u r e  a  s i n g l e  r o u n d  o f  r e p l i c a t i o n  o f  c h r o m o s o m e  D N A  d u r i n g  e v e r y  
c e l l  c y c l e .  T h e  i n i t i a t i o n  o f  D N A  r e p l i c a t i o n  i n  a l l  e u k a r y o t e s  i n v o l v e s  t h e  a s s e m b l y  o f  a  p r e - r e p l i c a t i v e  
c o m p l e x  ( p r e - R C )  a t  t h e  r e p l i c a t i o n  o r i g i n s  i n  G  1  p h a s e  a n d  t h e  s u b s e q u e n t  a c t i v a t i o n  o f  t h e  p r e - R C  t o  
t h e  p r e - i n i t i a t i o n  c o m p l e x  ( p r e - I C )  a t  t h e  o n s e t  o f  S - p h a s e .  T h e  r e p l i c a t i o n  o r i g i n s  a r e  r e c o g n i z e d  b y  t h e  
o r i g i n  r e c o g n i t i o n  c o m p l e x  ( O R C )  a n d  b e c o m e  a  p l a t f o r m  f o r  t h e  r e c r u i t m e n t  o f  C d c 6  ( c a l l e d  C d c 1 8  i n  
f i s s i o n  y e a s t )  a n d  C d t l - b o u n d  d o u b l e  h e x a m e r s  o f  t h e  m i n i c h r o m o s o m e  m a i n t e n a n c e  ( M C M )  c o m p l e x  t o  
f o r m  t h e  p r e - R C  ( r e v i e w e d  i n  ( B o c h m a n  a n d  S c h w a c h a ,  2 0 0 9 ) ) .  U p o n  e n t r y  i n t o  S - p h a s e ,  t h i s  c o m p l e x  i s  
a c t i v a t e d  b y  t h e  S - p h a s e - s p e c i f i c  k i n a s e  D D K  ( D b f 4 / D r f l - d e p e n d e n t  k i n a s e ) .  T h e  M c m 2 - 7  c o m p l e x  
s e r v e s  a s  a  p l a t f o r m  t o  r e c r u i t  C d c 4 5  a n d  G I N S ,  t h e r e b y  c o n v e r t i n g  t h e  p r e - R C  i n t o  t h e  p r e - I C .  D D K  
p h o s p h o r y l a t e s  s e v e r a l  o f  t h e  M c m 2 - 7  p r o t e i n s  a n d  t r i g g e r s  t h e  r e c r u i t m e n t  o f  C d c 4 5  a n d  G I N S  t o  f o r m  
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t h e  C M G  ( C d c 4 5 - M C M - G I N S )  c o m p l e x .  C M G  c o m p l e x  f o r m a t i o n  t h e n  i n d u c e s  t h e  h e l i c a s e  a c t i v i t y  o f  
t h e  M c m 2 - 7  c o m p l e x ,  p r o m o t i n g  t h e  u n w i n d i n g  o f  t h e  d o u b l e - s t r a n d e d  D N A  a t  t h e  o r i g i n  o f  D N A  
r e p l i c a t i o n  ( r e v i e w e d  i n  ( R e m u s  a n d  D i f f l e y ,  2 0 0 9 ) )  ( F i g .  1 - 5 ) .  
G 1  
P r e - R C  
P o l  
s  
F I G U R E  1 - 5 .  T h e  e a r l y  e v e n t s  o f  D N A  r e p l i c a t i o n .  
F g . r k  P r ( , 2 t g c t i a r l  
~C2rrH~lg~ ( F P - { ; )  
S w i 3  S w i l  
D N A  r e p l i c a t i o n  b e g i n s  a t  a r e a s  c a l l e d  o r i g i n ,  w h i c h  p o s s e s s e s  d i s t i n c t  m o t i f  f o r  o r i g i n  r e c o g m t I O n  
c o m p l e x  ( O R C )  r e c o g n i t i o n .  A f t e r  O R C  b i n d i n g  t o  o r i g i n ,  C d c 6  i s  r e c r u i t e d  a n d  i n  t u r n ,  C d t l - b o u n d  
M C M  h e x a m e r  c o m p l e x  i s  r e c r u i t e d  i n t o  c h r o m a t i n  t o  a s s e m b l e  p r e - r e p l i c a t i v e  ( p r e - R C )  c o m p l e x .  
A f t e r w a r d s ,  o t h e r  r e p l i c a t i o n  p r o t e i n s ,  i n c l u d i n g  C d c 4 5  c o m p l e x ,  O p b l l  c o m p l e x ,  G I N S  a n d  p o l y m e r a s e  
j o i n e d  t o  f o r m  p r e - i n i t i a t i o n  c o m p l e x ,  w h i l e  C d c 6  a n d  C d t l  a r e  r e l e a s e d  f r o m  c h r o m a t i n .  M C M  c o m p l e x  
i s  t h e n  a c t i v a t e d  a s  D N A  h e l i c a s e  t o  u n w i n d  t h e  D N A  a n d  r e p l i c a t i o n  f o r k  b e g i n s  t h e  D N A  r e p l i c a t i o n .  
O n g o i n g  r e p l i c a t i o n  i s  p r o t e c t e d  b y  t h e  a c t i v i t y  o f  F o r k  P r o t e c t i o n  C o m p l e x  ( F P C )  a n d  t h e  d a m a g e  
c a u s e d  b y  c h e m i c a l  o r  b i o l o g i c a l  a l t e r c a t i o n s  a r e  r e s p o n d e d  b y  c h e c k p o i n t  r e s p o n s e .  T h e  f i g u r e  o f  
r e p l i c a t i o n  f o r k  i n  t h e  b o t t o m  r i g h t  i s  a d a p t e d  f r o m  e n . w i k i p e d i a . o r g .  
1 . 6  D i v e r s e  r o l e s  o f  M C M  a s  D N A  h e l i c a s e  a n d  o t h e r  f u n c t i o n s  
T h e  M c m 2 - 7  h e x a m e r  c o m p l e x  i s  a n  e v o l u t i o n a r i l y  c o n s e r v e d  D N A  h e l i c a s e ,  w h i c h  i s  e s s e n t i a l  
.  f o r  b o t h  t h e  i n i t i a t i o n  o f  c h r o m o s o m e  D N A  r e p l i c a t i o n  a n d  e l o n g a t i o n  ( B e l l  a n d  D u t t a ,  2 0 0 2 ;  D i f f l e y ,  
2 0 0 4 ) .  M c m 2 - 7  p r o t e i n s  a r e  m e m b e r s  o f  t h e  A A A +  A T P a s e  f a m i l y  o f  p r o t e i n s  a n d  s h a r e  a  r e g i o n  o f  
h o m o l o g y  t h a t  e n c o m p a s s e s  t h e  A T P a s e  m o t i f ,  r e f e r r e d  t o  a s  t h e  M C M  b o x  ( B o c h m a n  a n d  S c h w a c h a ,  
2 0 0 9 ;  F o r s b u r g ,  2 0 0 4 ) .  T h e  M C M  b o x  h a r b o r s  d i s t i n c t  m o t i f s  i n c l u d i n g  W a l k e r  A ,  W a l k e r  B ,  a n d  a n  
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a r g i n i n e  f i n g e r .  T h e  c a n o n i c a l  M C M  c o m p l e x  c o n s i s t s  o f  t h e  s i x  s u b u n i t s  o f  M c m 2 - 7  a n d  i s  a s s e m b l e d  b y  
t h e  b i n d i n g  o f  o n e  M C M  a r g i n i n e  f i n g e r  t o  t h e  P - l o o p  w i t h i n  t h e  W a l k e r  A  m o t i f  o f  a n o t h e r  M C M  
s u b u n i t  t o  f o r m  t h e  A T P  b i n d i n g  s i t e .  T h i s  h e x a m e r i c  r i n g  i s  f o r m e d  b y  t w o  s u b - c o m p l e x e s :  t h e  
h e t e r o d i m e r  i s  f o r m e d  b y  M c m 3  a n d  M c m 5  ( M c m 3 - 5 ) ,  a n d  t h e  t r i m e r i c  M C M  c o r e  c o m p l e x  i s  f o r m e d  b y  
M c m 4 ,  M c m 6  a n d  M c m 7  ( M c m 4 - 6 - 7 ) .  M c m 2  c o n n e c t s  t h e s e  t w o  s u b - c o m p l e x e s  t o  f o r m  t h e  M c m 2 - 7  
h e x a m e r  c o m p l e x  ( D a v e y  e t  a i . ,  2 0 0 3 ;  K a n t e r  e t  a i . ,  2 0 0 8 ;  P r o k h o r o v a  a n d  B l o w ,  2 0 0 0 ) .  M c m 2 / 5  i s  
t h o u g h t  t o  a c t  a s  t h e  g a t e  o f  t h e  r i n g  s t r u c t u r e ,  t h e  s i t e  a t  w h i c h  t h e  r i n g  s t r u c t u r e  o p e n s  t o  e n c i r c l e  D N A  
( B o c h m a n  e t  a i . ,  2 0 0 8 ) .  T h e  s c h e m a t i c  f i g u r e  o f  M c m 2 - 7  a n d  t h e i r  c o m p l e x  f o r m a t i o n  a r e  p r e s e n t e d  i n  
F i g .  1 - 6 .  D e t a i l e d  p r o t e i n  i n f o r m a t i o n  o f  M c m 2 - 7  c a n  b e  f o u n d  i n  T a b l e  1 - 2 .  
A  
B  
M
c m 2
1l 1  
II  
I  
M C M  
I  
M c m 3  
M C M  
I  I I  
M c m 4  
I  
M C M  
I  
M c m 5  
M C M  
d i m e r  
M c m 6  
M C M  
M c m 7  
M C M  
F I G U R E  1 - 6 .  F i s s i o n  y e a s t  M C M  p r o t e i n s  s t r u c t u r e  a n d  c o m p l e x  f o r m a t i o n .  
( A ) ,  S c h e m a t i c  s t r u c t u r e  o f  M c m 2 - 7 .  T h e  p o s i t i o n  o f  M C M  b o x  i n  e a c h  M c m  p r o t e i n  i s  i n d i c a t e d .  
N u c l e a r  l o c a l i z a t i o n  ( N L S )  m o t i f  o f M c m 2  a n d  M c m 3  i s  i n d i c a t e d  b y  r e d  b a r .  
( B ) ,  C u r r e n t  m o d e l  o f  M C M  h e t e r o h e x a m e r  c o m p l e x  ( a d a p t e d  f r o m  F o r s b u r g ,  2 0 0 4 ) .  T h e  P - l o o p  w i t h i n  
W a l k e r  A  m o t i f  i n  o n e  M c m  i n t e r a c t e d  t o  S R F  m o t i f  w i t h i n  a r g i n i n e  f i n g e r  o f  a n o t h e r  M c m  p r o t e i n  a n d  
f u n c t i o n  a s  A T P a s e  d o m a i n .  T h e  h e t e r o h e x a m e r  c o m p l e x  i s  c o n s i s t e d  o f  t h e  d i m e r  M c m 3 - M c m 5  a n d  c o r e  
c o m p l e x  M c m 4 - 6 - 7 ,  l i n k e d  t o g e t h e r  b y  M c m 2 .  
W h i l e  a  g r e a t  d e a l  o f  e v i d e n c e  i n d i c a t e s  t h e  i m p o r t a n c e  o f  t h e  M c m 2 - 7  c o m p l e x  i n  D N A  
r e p l i c a t i o n ,  t h e r e  a r e  s t i l l  u n a n s w e r e d  q u e s t i o n s  c o n c e r n i n g  t h e  f u n c t i o n a l  r o l e ( s )  o f  t h e  M C M  p r o t e i n s .  
F o r  e x a m p l e ,  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  M c m 4 - 6 - 7  c o r e  h e l i c a s e  a n d  t h e  l a r g e r  M c m 2 - 7  h e x a m e r  i s  n o t  
u n d e r s t o o d .  S i m i l a r l y ,  l i t t l e  i s  k n o w n  a b o u t  t h e  w a y  i n  w h i c h  d i f f e r e n t  p o o l s  o f  M C M s  a r e  d i s t i n g u i s h e d  
i n s i d e  c e l l s ,  w h e t h e r  b y  e x p r e s s i o n ,  l o c a t i o n ,  m o d i f i c a t i o n  o r  a c t i v i t y .  I t  i s  a l s o  u n c l e a r  w h y  M C M  
p r o t e i n s  a r e  a b u n d a n t  a n d  e x c e e d  t h e  n u m b e r  o f  r e p l i c a t i o n  o r i g i n s .  I n  f i s s i o n  y e a s t ,  a  r e d u c t i o n  i n M C M  
p r o t e i n  l e v e l s  c a u s e s  g e n o m e  i n s t a b i l i t y  d u e  t o  r e p l i c a t i o n  f o r k  c o l l a p s e  a n d  D N A  d a m a g e  ( B a i l i s  e t  a i . ,  
2 0 0 8 ;  L i a n g  e t  a t . ,  1 9 9 9 ) .  I n  h u m a n  c e l l s ,  e x c e s s  c h r o m a t i n - l o a d e d  M C M  c o m p l e x e s  a r e  i m p o r t a n t  u n d e r  
c o n d i t i o n s  o f  r e p l i c a t i v e  s t r e s s ,  w h e r e  t h e y  a c t i v a t e  d o r m a n t  o r i g i n s  t o  e n s u r e  t h a t  D N A  r e p l i c a t i o n  
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continues when the replication forks stall (Ge et al., 2007; Ibarra et al., 2008). Mice expressing 
hypomorphic Mcm2 (McmiRhSCrehRT2) or Mcm4 (Mcm4chQoS3) show lower levels of Mcm2-7 loading onto 
DNA, exhibit replicative stress even under unchallenged conditions, and have a high incidence of cancer 
(Kawabata et al., 2011; Kunnev et al., 2010). In addition, some MCM subunits appear to play additional 
roles that are independent of DNA replication (Ferguson et al., 2008; Hubbi et al., 2011; Tsao et al., 
2004). 
Table 1-2. Fission yeast MCM proteins structure information. 
Detailed description and localization of each motif within Mcm structure IS indicated. The data is 
retrieved from www.ncbi.nlm.gov. 
Length Molecular MCM GDPX2 A IsKSQXL X52 IDEFDKMX61 SRFD 
(bp) box 
P-loop 
weight (kDa) Walker A Walker B R-finger 
Mcm2 830 92.701 483-683 529-668 535-542 585-599 666-669 
Mcm3 879 97.35 305-505 407-465 357-364 407-421 488-491 
Mcm4 911 101.412 492-694 540-679 546-553 596-610 677-680 
Mcm5 720 79.969 321-521 367-481 373-380 423-437 504-507 
Mcm6 892 99.419 425-625 527-616 477-484 527-541 608-611 
Mcm7 760 85.492 352-552 398-537 404-411 454-468 535-538 
1.7 The finding of Mcb1 as novel binding component of MCM and previous studies 
While the primary focus of the study of MCM proteins has been to identify the function of the 
canonical MCM complex, several MCM-related complexes have also been characterized (Maiorano, 
2006). Two additional MCM family members, Mcm8 and Mcm9, which contain an MCM box, were 
identified in higher eukaryotes (Yoshida, 2005; Lutzmann et al., 2005; Johnson et al., 2003; Gozuacik et 
al., 2003). Mcm8 and Mcm9 work downstream of the Fanconi anemia (FA) and BRCA2/Rad51 pathways, 
and are required for homologous recombination (HR), which promotes sister chromatid exchange 
(Lutzmann et al., 2012; Nishimura et al., 2012). MCM-binding protein (MCM-BP) was first identified as 
a protein that strongly associates with human MCM proteins. Tandem affinity purification (TAP) with 
tagged human MCM core subunits recovers both MCM-BP and MCM proteins (Sakwe et al., 2007). 
MCM-BP is conserved in most eukaryotes (except budding yeast and C. elegans) and has only limited 
homology to MCM proteins. Through the comparison of the amino acids sequence, the putative 
orthologue ofhMCM-BP gene found in the chromosome 1 of Schizosaccharomyces pombe is called mcb1 
(SP AC 1687.04) for MCM binding protein 1 (Ding and Forsburg, 2011). The amino acids alignment of S. 
pombe Mcb 1 and other putative orthologues from many different eukaryotes showed that Mcb 1 has 520/0 
similarity to hMCM-BP and 95% similarity to ETG 1 from Arabidopsis thaliana (Fig. 3-6). The total 
length of mcb 1 is 1550 bp which consists of 2 exons (1-162 and 207-1550) separated by an intron (163-
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2 0 6 ) .  T h e  p r o t e i n  p r o d u c t  i s  5 0 1  a m i n o  a c i d - l o n g  a n d  t h e  p r e d i c t e d  m o l e c u l a r  w e i g h t  i s  5 6 . 6  k D a .  
F o l l o w i n g  t h e  f i r s t  i d e n t i f i c a t i o n  i n  h u m a n s ,  s e v e r a l  s t u d i e s  a i m e d  t o  c h a r a c t e r i z e  a n d  e l u c i d a t e  
t h e  f u n c t i o n s  o f  M C M - B P .  C o - i m m u n o p r e c i p i t a t i o n  a n a l y s i s  s h o w e d  t h a t  h u m a n  M C M - B P  i n t e r a c t s  w i t h  
a l l  M C M  s u b u n i t s ,  e x c e p t  M c m 2 ;  c o n v e r s e l y ,  M c m 2  f a i l s  t o  r e c o v e r  M C M - B P  ( S a k w e  e t  a t . ,  2 0 0 7 ) .  A  
s i m i l a r  p a t t e r n  o f  i n t e r a c t i o n  b e t w e e n  M C M - B P  a n d  M C M  s u b u n i t s  w a s  o b s e r v e d  i n  X  l a e v i s  ( N i s h i y a m a  
e t  a t . ,  2 0 1 0 ) ,  s u g g e s t i n g  t h a t  a n  a l t e r n a t i v e  M C M  c o m p l e x  i s  f o r m e d  w h e n  M c m 2  i s  r e p l a c e d  b y  M C M -
B P .  I n  A .  t h a l i a n a ,  t h e  M C M - B P  o r t h o l o g ,  E T G  1 ,  w a s  i d e n t i f i e d  a s  a n  E 2 F  t a r g e t .  T h e  i n t e r a c t i o n  
b e t w e e n  E T G  1  a n d  M c m 2 - 7  w a s  c o n f i r m e d  b y  T A P  w i t h  t a g g e d  E T G  1  ( T a k a h a s h i  e t  a t . ,  2 0 0 8 ) .  
( A )  
1 2 3 4 5 6 7 8  
( B )  
a  
b  
c  
d  
F I G U R E  1 - 7  m c b l +  i s  a n  e s s e n t i a l  g e n e .  
( A ) ,  h ' l h ' "  l e u l - 3 2 I l e u l - 3 2  u r a 4 - D 1 8 I u r a 4 - D 1 8  a d e 6 - m 2 1 0 I a d e 6 - m 2 1 6  m c b l : : k a n M X 4 l "  w a s  s p o r u l a t e d  
a n d  d i s s e c t e d  i n  g e r m i n a t i o n  p l a t e  u s i n g  S i n g e r  m i c r o m a n i p u l a t o r .  N u m b e r  1 - 8  s h o w s  t h e  n u m b e r  o f  
t e t r a d  d i s s e c t e d ;  a - d  c o r r e s p o n d s  t o  4  s p o r e s  i n  t h e  r e s p e c t i v e  t e t r a d .  
( B ) ,  R e p r e s e n t a t i v e  i m a g e s  o f  t h e  t e r m i n a l  m o r p h o l o g y  o f  u n v i a b l e  s p o r e s .  U n v i a b l e  s p o r e s  c e a s e d  t o  
g r o w  a f t e r  f o r m i n g  m i c r o c o l o n i e s .  
I n  f i s s i o n  y e a s t ,  m c b l +  ( t h e  f i s s i o n  y e a s t  M C M - B P  o r t h o l o g )  i s  a n  e s s e n t i a l  g e n e ,  a s  r e p o r t e d  i n  
D i n g  a n d  F o r s b u r g  ( 2 0 1 1 ) .  A s  s h o w n  i n  F i g .  1 - 7 ,  d i p l o i d  c o n t a i n i n g  s i n g l e  d i s r u p t a n t  o f  m c b  1  
( m c b l : : k a n M X 4 / ")  c e l l s  w a s  s p o r u l a t e d  o n  S P A  m e d i u m  a n d  t h e  t e t r a d s  w e r e  d i s s e c t e d .  A l l  t e t r a d s  
a n a l y s e d  s h o w e d  t h e  l e t h a l i t y  c a u s e d  b y  t h e  a b s e n c e  o f  m c b l +  ( F i g .  1 - 7  A ) .  A l l  o f  t h e  s p o r e s  c o n t a i n i n g  
d i s r u p t e d  m c b l  d i e d  s h o r t l y  a f t e r  g e r m i n a t i o n ,  f o r m i n g  m i c r o c o l o n i e s  o f 2 - 2 0  c e l l s  ( F i g .  1 - 7 B ) .  
T h e  d e l e t i o n  o f  m c b l +  r e s u l t s  i n  g r a d u a l  c e l l  c y c l e  a r r e s t  w i t h  a  c d c  ( c e l l  d i v i s i o n  c y c l e )  
p h e n o t y p e .  O v e r e x p r e s s i o n  o f  t h e  M c b  1  p r o t e i n  o r  M c b  1  i n a c t i v a t i o n  i n  t e m p e r a t u r e - s e n s i t i v e  m c b  1  
m u t a n t s  i n d u c e s  D N A  d a m a g e  a n d  G 2  c h e c k p o i n t  a c t i v a t i o n  ( D i n g  a n d  F o r s b u r g ,  2 0 1 1 ;  L i  e t  a t . ,  2 0 1 1 ) .  
I n  h u m a n  c e l l s ,  t h e  d e p l e t i o n  o f  M C M - B P  a l s o  l e a d s  t o  c e n t r o s o m e  a m p l i f i c a t i o n  a n d  a b n o r m a l  n u c l e a r  
m o r p h o l o g y ,  w h i c h  m a y  b e  d u e  t o  G 2  D N A  d a m a g e  c h e c k p o i n t  a c t i v a t i o n  ( J a g a n n a t h a n  e t  a t . ,  2 0 1 2 ) .  T h e  
l o s s  o f  A .  t h a l i a n a  E T G  1  l e a d s  t o  r e d u c e d  D N A  r e p l i c a t i o n ,  a c t i v a t i o n  o f  t h e  G 2  c h e c k p o i n t ,  a n d  r e d u c e d  
s i s t e r  c h r o m a t i d  c o h e s i o n  ( T a k a h a s h i  e t  a t . ,  2 0 0 8 ;  T a k a h a s h i  e t  a t . ,  2 0 1 0 ) .  T h e  d e p l e t i o n  o f  h u m a n  M C M -
B P  a l s o  l e a d s  t o  r e d u c e d  s i s t e r  c h r o m a t i d  c o h e s i o n  ( T a k a h a s h i  e t  a l . ,  2 0 1 0 ) .  T h e  X e n o p u s  M C M - B P  
a p p e a r s  t o  p l a y a  r o l e  i n  u n l o a d i n g  M C M  c o m p l e x e s  f r o m  c h r o m a t i n  a f t e r  D N A  s y n t h e s i s  ( N i s h i y a m a  e t  
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a l . ,  2 0 1 0 ) ;  h o w e v e r ,  t h e  d e p l e t i o n  o f  h u m a n  M C M - B P  n o t  o n l y  i n c r e a s e s  t h e  l e v e l s  o f  c h r o m a t i n -
a s s o c i a t e d  M C M  p r o t e i n s  a t  t h e  e n d  o f  S - p h a s e ,  b u t  a l s o  l e a d s  t o  a  s i m i l a r  i n c r e a s e  i n  s o l u b l e  l e v e l s  o f  
M C M  p r o t e i n s  t h r o u g h o u t  S - p h a s e  ( J a g a n n a t h a n  e t  a l . ,  2 0 1 2 ) ,  s u g g e s t i n g  m u l t i p l e  f u n c t i o n s  o f  M C M - B P  
i n  D N A  r e p l i c a t i o n .  T h e  h u m a n  M C M - B P  a n d  A .  t h a l i a n a  E T G  1  a r e  l a r g e l y  n u c l e a r  t h r o u g h o u t  t h e  c e l l  
c y c l e  ( J a g a n n a t h a n  e t  a l . ,  2 0 1 2 ;  T a k a h a s h i  e t  a l . ,  2 0 0 8 ) .  T h e  f i s s i o n  y e a s t  M c b 1  i s  w i d e l y  d i s t r i b u t e d  i n  
t h e  c y t o p l a s m  a n d  n u c l e o p l a s m  a n d  i s  b o u n d  t o  c h r o m a t i n  ( D i n g  a n d  F o r s b u r g ,  2 0 1 1 ) ;  h o w e v e r ,  X e n o p u s  
M C M - B P  i s  i m p o r t e d  i n t o  t h e  n u c l e u s  j u s t  b e f o r e  t h e  d i s s o c i a t i o n  o f  M c m 2 - 7  f r o m  c h r o m a t i n  n e a r  t h e  
e n d  o f  S - p h a s e .  T h e s e  d i f f e r e n c e s  i n  t h e  l o c a l i z a t i o n  o f  M C M - B P  m a y  a f f e c t  o t h e r  f u n c t i o n s  a s s o c i a t e d  
w i t h  t h e  M C M  c o m p l e x  p r o t e i n s .  F u r t h e r m o r e ,  h u m a n  M C M - B P  i n t e r a c t s  w i t h  D f p 4 ,  t h e  r e g u l a t o r y  
c o m p o n e n t  o f  t h e  D D K  k i n a s e ,  a s  w e l l  a s  w i t h  M C M  c o m p l e x  c o m p o n e n t s ,  s u g g e s t i n g  t h a t  M C M - B P  
m a y  a f f e c t  D N A  r e p l i c a t i o n ,  a t  l e a s t  i n  p a r t  b y  r e g u l a t i n g  M C M  p h o s p h o r y l a t i o n  b y  D D K  ( N g u y e n  e t  a l . ,  
2 0 1 2 ) .  T h u s ,  t h e  f u n c t i o n s  o f  M C M - B P  i n  D N A  r e p l i c a t i o n  h a v e  b e e n  e x t e n s i v e l y  s t u d i e d ;  h o w e v e r ,  t h e  
m e c h a n i s m s  b y  w h i c h  M C M - B P  f u n c t i o n s  a n d  a s s o c i a t e s  w i t h  iv1C~v1 c o m p l e x e s  a r e  n o t  w e l l  u n d e r s t o o d ,  
a n d  t h e  f u n c t i o n a l  r o l e  o f  M C M - B P  i s  c o n t r o v e r s i a l  a n d  m a y  v a r y  a m o n g  m o d e l  o r g a n i s m s  ( F i g .  1 - 8 ) .  
A  
B  
F I G U R E  1 - 8 .  D i v e r s e  p u t a t i v e  r o l e s  o f  M c b l .  
H u m a n  
M c m 2  a l t e r n a t e  
I n f l u e n c e  t o  M c m  c h r o m a t i n  
I n t e r a c t i o n  t o  M c m 3 - 7  
N u c l e a r  m o r p h o l o g y  
I n h i b i t i o n  o f M C M  p h o s p h o r y l a t i o n  
A r a b i d o p s i s  t l w l i a n a  
I n t e r a c t i o n  t o  M c m 2 - 7  a n d  s u r v i v a l  
S i s t e r  c h r o m a t i d  c o h e s i o n  
H o m o l o g o u s  r e c o m b i n a t i o n  
X e n o p u s  l a e v i s  
M C M  c o m p l e x  u n l o a d e r  
R e r e p l i c a t i o n  p r e v e n t i o n  
I n t e r a c t i o n  t o  M c m 3 - 7  
F i s s i o n  y e a s t  
M C M  h e l i c a s e  a n t a g o n i s t  
I n t e r a c t i o n  t o  M c m 3 - 7  
C r o s s - o r g a n i s m  r e s e a r c h e s  h a d  s u g g e s t e d  v a r i o u s  p u t a t i v e  f u n c t i o n s  o f  M c b  1  i n  d i f f e r e n t  s t a g e  o f  c e l l  
c y c l e ,  a s  i n d i c a t e d  b y  a r r o w s  i n  t h e  l e f t  s i d e  o f  t h e  f i g u r e .  S u m m a r y  o f  t h e  p r e v i o u s  s t u d i e s  i n  h u m a n ,  
A r a b i d o p s i s  t h a l i a n a ,  X e n o p u s  l a e v i s ,  a n d  f i s s i o n  y e a s t  i s  s h o w n  o n  t h e  r i g h t  s i d e  o f  t h e  f i g u r e .  
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1.8 Research aim and conclusion 
To address these remaining questions, the functional roles ofMCM-BP were examined by genetic 
analysis of temperature-sensitive mutants in fission yeast. Tight genetic links between mcbl and mcm5 
were identified. The mcblts mutants displayed synthetic defects with many S-phase-related gene mutants 
and the temperature sensitivity of mcbl ts mutants was suppressed by CDK modulation upon Cig2 
repression or Rum 1 overexpression, suggesting the involvement of Mcb 1 in pre-RC formation during 
DNA replication. In fact, S-phase progression was delayed in mcbts mutant cells, and loading of Mcm7 
onto the replication origins during pre-RC formation was reduced. Furthermore, mcbts mutations caused 
most MCM proteins to exit the nucleus, which was partially rescued by mcm5 overexpression. All these 
results strongly indicate the importance of Mcb 1 protein in promoting efficient pre-RC formation during 
DNA replication. In the discussion, the role of MCM-BP in regulating MCM function(s) during DNA 
replication in the context of these results shall be discussed. 
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2. METHODS 
2.1 Strains, growth media and molecular methods 
The fission yeast strains and plasmids used in this study are listed in Table 2-1 and Table 2-2, 
respectively. The tables can be found at the end of this thesis. Standard growth media and the general 
biochemical and genetic methods used for fission yeast were described previously (Moreno et af., 1991). 
Fission yeast cultures were grown at 30°C in YES medium (0.5% yeast extract, 30/0 glucose and 
supplements) unless indicated otherwise. Geneticin (G418, 100 !J,g/ml; Sigma), 150 !J,g/ml hygromycin 
(Roche) or 200 !J,g/ml nourseothricin (clonNAT, Werner Bioagents) were added as required. Hydroxyurea 
(HU, Sigma), methylmethane sulfonate (MMS, Wako), thiabendazole (TBZ, MP Biomedicals) and 
camptothecin (CPT, Sigma) were used at the indicated concentrations. For the induction of expression 
from the nmtl promoter, cells were grown at 30°C in the presence of 5 !J,M thiamine to repress the nmtl 
promoter until mid-log phase, then washed twice with fresh medium and further incubated for 20 h. 
Tetrad dissection was performed using a Singer Instrument micromanipulator system. 
To create the mcb 1 gene mutants, the QuickChange Site-directed Mutagenesis method 
(Stratagene) was used to mutate the indicated site(s) on a plasmid. All mutations were confirmed by DNA 
sequencing. The designed mutations were introduced into the wild-type strain. PCR was also used to 
insert a 5 x Flag epitope at the C-terminus and mark the allele with the kanMX6 gene, as described by 
Krawchuk and Wahls (1999). Introduction of the designed mutations into the mcb 1 gene on the wild-type 
chromosome was confirmed by colony PCR, followed by direct sequencing of the PCR product. The 
expression of the mutated Mcbl protein tagged with the 5 x Flag epitope was confirmed by Western 
blotting using an anti-FLAG M2 antibody (Sigma). Exchange of the kanMX6 marker in existing strains 
with natMX6, which gives rise to resistance to the antibiotic clonNAT, was performed as described by 
Sato et af. (2005). 
2.2 Cell cycle synchronization 
Yeast strains carrying the cold-sensitive nda3-KM311 mutation in the ~-tubulin gene (Hiraoka et 
af., 1984) were synchronized in M phase by incubation for 4 h at 20°C before being released at the 
permissive/restrictive temperature. Cell cycle progression was followed by flow cytometry. To 
synchronize the G2/M boundary, cdc25-22 strains were incubated at 36.5°C for 3.5 h before being 
released at 25°C or 28°C. Cell cycle progression was followed using the septation index with calcofluor 
staining. 
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2.3 Spotting assay 
To test the response to temperature, HU, CPT, TBZ or MMS, the fission yeast strains were grown 
on YES plates at 25°C for 2-3 days. The cells were serially diluted (5-fold) and then spotted onto YES 
plates containing 5-10 ~M CPT, 5-10 mM HU, 0.005% MMS or 15-20 ~g/ml TBZ. The plates were 
then incubated at the indicated temperatures for 3-6 days. 
2.4 Chromosome cohesion assay 
The chromosome cohesion assay was performed as described previously (Ansbach et aI., 2008; 
Ding et al., 2004). Briefly, cells were grown to exponential phase in liquid YES medium at 25°C, 
synchronized in early S-phase in the presence of 10 mM HU for 2 h, and released into medium containing 
100 !-!g/ml TBZ. After 4 h of incubation at 25°C, GFP foci were monitored using an Olympus BX51 
fluorescence microscope fitted with an appropriate filter and imaged using an Olympus DP71 camera. 
Quantification of GFP foci was performed in at least three individual experiments, and at least 200 cells 
were counted for each strain in each experiment. Nuclear DNA was observed by DAPI staining. 
2.5 Flow cytometry 
Cells were fixed in 700/0 ice-cold ethanol overnight and then rehydrated in 50 mM sodium citrate. 
RNA was removed with 100 ~g/ml RNase at 37°C for 2 h prior to staining with 20 ~g/ml propidium 
iodide as previously described (Sabatinos and Forsburg, 2010; Sazer and Sherwood, 1990). Flow 
cytometry was performed using a BD Biosciences F ACSCalibur instrument and Macintosh BD 
CeIlQuest™ software. 
The instrument detector setting is as follows: 
FSC EOO 1.5 lin 
SSC 350 1.0 lin 
FL1 150 1.0 lin 
Fl2 600 1.5 lin 
FL3 150 1.0 lin 
FL2-A 1.5 lin 
FL2-W 2.0 lin 
The reagents compositions are as follows: 
PI (1 mg/ml) 
PI (Propidium iodide) (nacalai tesque) mg 
50 mM Na-citrate ml 
15 
FACS FLOWTM (Becton) (per liter) 
50 mM Na-citrate (pH 7.0) 
Na3.citrate.2H20 13.23 g 
Citric acid. H20 1.05 g 
* Adjust with NaOH to pH 7.0; autoclave 120°C, 20 min 
RNase A (10 mg/ml) (per 25 ml) 
RN ase A 250 mg 
1 M Tris-HCI (pH 7.5) 0.25 ml 
5 M NaCI 75 ~l 
*Boil 100°C 15 min, store at -20°C 
2.6 Fluorescence microscopy 
Final concentration 
10 
10 
15 
mg/ml 
mM 
mM 
Cells expressing Mcm2-GFP, Mcm3-GFP, Mcm4-GFP, Mcm5-RFP, Mcm6-GFP, Mcm7-GFP, 
Rad22-YFP or Rhp54-GFP (grown in EMM5S medium at the indicated temperatures) were harvested and 
suspended in Milli-Q water. The cells were then treated with DAPl (Doj indo) at room temperature to 
visualize DNA. The GFP, RFP, YFP and DAPI signals were detected using a fluorescent microscope 
(BX51; Olympus). Images were obtained using a CCD camera (DP71; Olympus) and processed using 
Photoshop (Adobe) software. 
2.7 Yeast two-hybrid assay 
The Matchmaker Two-hybrid System 3 (Clontech) was used for the yeast two-hybrid assay 
according to the manufacturer's instructions. The indicated proteins were fused to the Gal4 DNA-binding 
domain (GaI4-DBD) on the pGBKT7 plasmid, or to the Gal4 activation domain (GaI4-AD) on the pGAD-
GH or pGAD424 plasmid, and expressed in the AHI09 reporter strain of Saccharomyces cerevisiae. The 
transform ants harboring both the pGBKT7- and the pGAD424-derived plasmids were selected on 
synthetic complete (SC) medium lacking tryptophan and leucine (SC-WL). Medium lacking tryptophan, 
leucine, histidine and adenine (SC-WLHA) was used to identify positive interactions. 
2.8 in vitro pull-down assay and semi in vitro pull-down assay 
Full-length mcbl cDNA was cloned into pET28a for expression as a T7-His6-tagged protein. 
Full-length mcm2-7 cDNAs were cloned into pGEX-KG vectors for expression as GST-tagged fusion 
proteins. T7-His6-tagged Mcb 1 was expressed in E. coli KRX (Promega) and purified using Ni-NT A 
beads (Qiagen) according to the manufacturer protocol. GST -tagged fusion proteins (GST and GST-
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Mcm2-7) were expressed in E. coli KRX and purified using glutathione sepharose (GE Healthcare). For 
the in vitro pull-down assay, GST -tagged fusion proteins specifically bound to glutathione sepharose 
were incubated with purified T7-His6-tagged Mcb 1 for 1 h at 4°C. To test the interaction, T7-His6-tagged 
Mcb1 was pulled down by GST-tagged proteins. For the semi in vitro pull-down assay, E. coli soluble 
crude lysates expressing the T7-His6-Mcb 1, T7-His6-Mcb 1 L254P or T7-His6-Mcb 1 U63P protein, respectively, 
were used instead of purified T7-His6- Mcb 1. Detailed composition and protocol can be found in Sabrina 
Martha master thesis (2012). 
2.9 Preparation of cell lysate and western blot analysis 
Fission yeast whole-cell extracts were prepared by the TCA (trichloroacetic acid) method. Briefly, 
the cell pellets (2 x 108 cells) were suspended in 100 III of 200/0 TCA and disrupted with glass beads using 
Micro Smash (MS-l 00; Tomy Seiko). Celllysates were collected, and beads were washed twice in 100 III 
of S% TCA. Cell pellets were obtained by centrifugation at 4,000 rpm for 10 min at 4°C. Then, 2x SDS 
sample buffer was added, followed by 2 M Tris until the color of the suspension turned from yellow to 
blue. Samples were boiled at 9SoC for S min and cleared by centrifugation at 4,000 rpm for 10 min at 4°C. 
Alternatively, whole-cell extracts were prepared using the boiling method, as described previously 
(Takeda et al., 1999). The proteins in the extracts were separated by SDS-PAGE and subsequently 
sUbjected to Western blot analysis using the chemiluminescence system (LAS4000mini; GE Healthcare) 
or the Odyssey® Infrared Imaging System (LI-COR Biosciences). The antibodies were as follows: anti-
HA monoclonal antibody (HA-probe (F7), Santa Cruz), anti-GFP monoclonal antibody (anti-GFP, 
Roche), anti-FLAG monoclonal antibody (anti-FLAG M2, Sigma), anti-Mcm2 polyclonal antibody (a gift 
from H. Masukata) (Ogawa, 1999), anti-Mcm4 polyclonal antibody (a gift from H. Nishitani) (Nishitani, 
2000), anti-McmS poly clonal antibody (a gift from H. Masukata) (Ogawa, 1999), anti-Mcm6 polyclonal 
antibody (a gift from H. Masukata) (Ogawa, 1999), anti-Mcm7 poly clonal antibody (a gift from H. 
Masukata) (Nakajima and Masukata, 2002), anti-tubulin monoclonal antibody (TAT-I) (Woods et al., 
1989), anti-Mrc 1 polyclonal antibody (Zhao et al., 2003), anti-His6 monoclonal antibody (anti-His6 (2), 
Roche), and anti-GST poly clonal antibody (GST(Z-S), Santa Cruz). 
2.10 Immunoprecipitation 
The spheroplast method was used. Yeast cell extracts were prepared for immunoprecipitation, as 
described previously (Shimmoto et al., 2009). Cells (2-4 x 108 cells) from SO ml cultures were suspended 
in 1 ml SP buffer (1.2 M sorbitol, 0.1 M KP04 pH 6.S, 2 mM PMSF, and 0.2% ~-mercaptoethanol), and 
Zymolyase (Zymolyase lOOT; Seikagaku Biobusiness) was added to a final concentration of 2 mg/mt. 
The suspension was then incubated at 30°C until approximately 900/0 of the cell walls had been lysed. 
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Zymolyase was removed by centrifugation at 4,000 rpm for 1 min at 4°C, and the cell pellet was then 
suspended in 600 fll of IP buffer (20 mM HEPES-KOH pH 7.6, 50 mM KOAc, 5 mM MgAc, 0.1 M 
sorbitol, 0.1 % Triton-X 100, 2 mM DTT, 24 mM Na3 Y04, 60 mM ~-glycerophosphate, and 1 x protease 
inhibitor cocktail (P-8215, Sigma)). The cell suspension was sonicated four times for 10 sec with 1 min 
intervals at 4°C using a Bioruptor (UCD-250; Cosmo Bio). The supernatant was cleared by centrifugation 
at 6,000 rpm for 10 min at 4°C; the cleared supernatant was then used for immunoprecipitation with anti-
FLAG M2 affinity gel (Sigma). After rotation for 80 min at 4°C, the beads were washed three times with 
500 fll of IP buffer. SDS sample buffer was then added and samples were boiled at 95°C for 5 min. 
The glass beads method was also used. Cells (1-2 x 108 cells) were suspended in 100 fll of buffer 
A (50 mM HEPES-KOH pH 7.5, 300 mM KC1, 0.05% Tween-20, 0.005% NP-40, 2 flM NaF, 0.4 flM 
Na3 Y04, and 2 flM ~-glycerophosphate) supplemented with the necessary inhibitors (1 x complete 
protease inhibitor cocktail (Roche), 1 mM PMSF, 0.2 mM p-APMSF (Sigma), and 1 x protease inhibitor 
cocktail (Sigma)). The cells were disrupted with glass beads using the Multi Beads Shocker (Yasui Kikai). 
Glass beads were washed in 100 fll of buffer B (buffer A + 1 x complete protease inhibitor cocktail 
(Roche)). The samples were centrifuged at 13,000 rpm for 15 min at 4°C, and the cleared supernatants 
were then used for immunoprecipitation with anti-FLAG M2 affinity gel (Sigma). After rotation for 2 h at 
4°C, the antibody beads were washed with 500 fll of buffer B and buffer C (buffer B + 1 x complete 
protease inhibitor cocktail (Roche) and 0.2 mM p-APMSF (Sigma)). SDS sample buffer was added, and 
the samples were boiled at 95°C for 5 min. 
The detailed reagents compositions are as follows: 
Noel Buffer Final concentration 
500 mM HEPES-KOH (pH 7.5) 50 mM 2 ml 
3M KCl 300 mM 2 ml 
10% Tween-20 0.05 % 100 fll 
10% NP-40 0.005 0/0 10 fll 
500 mM NaF 2 /-lM 80 fll 
400 mM Na3Y04 0.4 /-lM 40 fll 
1 M glycerophosphate 2 /-lM 40 fll 
MilliQ 15.75 ml 
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Stop Buffer (per liter) 
NaCI 
NaF 
NaN3 
EDTA 
Noel A 
Noel Buffer 
Sigma Protease inhibitor 
SOx Complete 
100 mM PMSF 
0.2M p-APMSF 
Total 
Noel B 
Noel A + 1 x Complete+ 1 mM PMSF 
Noel C 
Noel A + 1 x Complete + 0.2M p-APMSF 
Final concentration 
150 mM 0.87 gr 
50 mM 0.2 gr 
mM 0.006 gr 
10 mM 0.37 g 
Final concentration 
95.9 ~l 
~l % 
2 ~l x 
~l mM 
0.1 ~l 0.2 mM 
100 ~l 
2.11 Chromatin immunoprecipitation (ChIP) and real time PCR 
The ChIP assay and subsequent real-time PCR analysis were conducted according to the method 
of Fukuura et af. (Fukuura et af., 2011) with some modifications. Briefly, fission yeast cells (1-2 x 108 
cells) were fixed in 1 % formaldehyde (Sigma) for 15 min at room temperature with gentle rotation and 
subjected to quenching in 125 mM glycine for 5 min. Cells were washed twice with 5 ml of ice-cold 
phosphate buffer. Cells were then suspended in 360 III of breaking buffer (50 mM Tris-HCI pH 8.0, 140 
mM NaCI, 1 mM EDT A, 0.1 % Na-deoxycholate, 0.1 % Triton-X 100, and 1 mM PMSF) containing 1 x 
complete protease inhibitor cocktail (Roche) and 1 x protease inhibitor cocktail (Sigma). Cells were 
disrupted with 0.5 mm glass beads (BioSpec) using Micro Smash at 4,000 rpm for 60 sec at 4°C (three 
times with 5 min intervals). Triton-X 100 was added to the cell extracts to a final concentration of 1 % 
prior to sonication for 10 sec (four times with 3 min intervals at output level 2; Sonifier; BRANSON). 
The samples were then centrifuged at 13,000 rpm for 15 min at 4°C to obtain cleared supernatant. The 
protein concentration was measured and adjusted by Bradford protein assay (Bio-Rad) using a microplate 
reader (Model 680, Bio-Rad). Immunoprecipitation was conducted with Dynabeads M-280 anti-Mouse 
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IgG beads (Invitrogen) conjugated overnight with an HA monoclonal antibody or Dynabeads M-280 anti-
Rabbit IgG beads (Invitrogen) conjugated overnight with ORC4 poly clonal antibody (A gif from H. 
Masukata) at 4°C. Immunoprecipitation was conducted for 2 h at 4°C with gentle rotation. DNA was 
released from the protein by incubation at 65°C for 12-16 h before treatment with 200 ~g/ml Yeast tRNA 
(Roche) and 1 00 ~g/ml Proteinase K (Invitrogen). DNA was then extracted using the phenol chloroform 
method followed by ethanol precipitation. DNA from whole-cell extracts and immunoprecipitation 
samples was then subjected to real-time PCR using SYBR Green I in a Light Cycler 32-well thermal 
cycler (Roche). The sets of primers were used for amplification: ars2004-273F (5'-
CGGATCCGT AATCCCAACAA-3') and ars2004-338R (5' -TTTGCTT ACATTTTCGGGAACTT A-3 '); 
non-arsl-514F (5'-TACGCGACGAACCTTGCATAT-3') and non-arsl-583R (5'-
TTATCAGACCATGGAGCCCATT-3') (Hayashi et ai., 2007); ars3002-F (5'-
TCATTAGCAAACAAAAGCAATTGAG-3') and ars3002-R (5'-AATTTCCGGGCATTAAAAACG-
3'); AT2080-F (5'-CCAATATTAAATAAGCAATTTTGAGAGC-3') and AT2080-R (5'-
TGAAA TTGTTGTTGGCGCTG-3 '). The percentage recovery was calculated as follows: 
immunoprecipitated DNA/total DNA x 100. 
The detailed reagents compositions are as follows: 
2x Lysis buffer (per 300 ml) Final concentration 
1 M Tris-HCl (pH 8.0) 30 ml 100 mM 
5 MNaCl 16.8 ml 280 mM 
0.5 M EDTA 1.2 ml 2 mM 
Na-deoxycholate 0.6 g 0.2 0/0 
* Autoclave 120°C, 20 min 
Breaking buffer 
2x Lysis buffer 5 ml 
100/0 TritonX -100 0.1 ml 
100 mM PMSF 0.1 ml 
MilliQ 3.9 ml 
TES (per 100 ml) 
1 M Tris-HCl (pH 7.6) ml 
0.5 M EDTA 0.2 ml 
SDS (Sodium Dodecyl Sulfate) 1 g 
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TE (per 10 ml) 
10 mM Tris-HCl (pH 7.6) 
1 M EDTA 
Tris-HCI (pH 7.4) (per 300 ml) 
100 III 
ml 
Tris 27.27 g 
(2-amino-2-hydroxymethyl-l,3-propadienol) 
* Adjust pH with HCl 
Proteinase K (Invitrogen) (per 100 ,..,1) Final concentration 
Proteinase K 2 mg 20 
1 M Tris-HCl (pH 8.0) ul 10 
1 M CaCL2 40 ul 400 
0.5 M EDTA 0.2 ul 
10 mg/ml yeast tRNA 
tRNA from baker's yeast (Roche) 10 
Milliq 
1 x Lysis buffer (140 mM NaCI) (per 10 ml) 
2x Lysis buffer 
10% TritonX-l 00 
100 mM PMSF 
5 
0.1 
ml 
ml 
ml 
1 x Lysis buffer (500 mM NaCl) (per 10 ml) 
2x Lysis buffer 
10% TritonX -100 
100 mM PMSF 
5M NaCl 
5 
0.1 
720 
ml 
ml 
ml 
III 
mg/ml 
mM 
mM 
mM 
mg 
ml 
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Wash buffer (per 200 ml) Final concentration 
1 M Tris-HCI (pH 8.0) 2 ml 10 mM 
1 M LiCI 40 ml 200 mM 
10% NP40 10 ml 0.5 0/0 
Na-deoxycholate g 0.5 % 
2.12 Gel filtration chromatography 
Cells (2 x 108 cells) were suspended in 1 00 ~l of lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM 
NaCI, 2 mM EDTA, 0.1 mM OTT, 0.1 % NP-40, and 1 x complete protease inhibitor cocktail (Roche)). 
The cells were then disrupted with glass beads using the Multi Beads Shocker (Yasui Kikai). After 
disruption, the cell lysate was collected and the beads were washed twice with 1 00 ~l of lysis buffer. The 
cell lysate was cleared by centrifugation at 13,000 rpm for 10 min at 4°C. The supernatant was collected 
and further cleared by ultra-centrifugation at 45,000 rpm for 30 min at 4°C (Beckman). Desalting was 
performed using Microspin G-25 (GE Healthcare). The protein concentration was measured using the 
Bradford protein assay, and approximately 6 mg of protein was loaded onto a HiLoad Superdex 16/60 
200 pg column (GE Healthcare) attached to the AKTA micro™ system (GE Healthcare). The column 
buffer was as follows: 50 mM Na2HP04, 50 mM NaH2P04, and 150 mM NaCI, pH 7.2. 
2.13 Isolation of mcbl temperature-sensitive mutants 
Temperature-sensitive mutants were generated and identified as described in Kato et al. (Kato et 
al., 2008) with the following changes. Genomic DNA from a mcbl-5Flag-kanMX6 strain was used as the 
starting template. The mcbl-5Flag-kanMX6 construct was amplified using Ex-Taq polymerase (Takara) 
in the presence of 2-fold dNTPs to increase the chance of base misincorporation. Yeast cells transformed 
with the PCR product were selected on YES plates supplemented with 1 00 ~g/ml G418 (Sigma) and 
examined for sensitivity to high temperature (36.5°C). Mutations were identified by sequence analysis. 
2.14 Isolation of spontaneous suppressors of the mcblL254P mutant 
Spontaneous suppressors of mcb jL254P were isolated as follows. The mcb jL254P cells were grown 
on YES plates at 25°C (permissive temperature) for 1 day and then 'incubated at 34°C (restrictive 
temperature) for several additional days. The colonies that spontaneously appeared were picked for 
further analysis. 
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2.15 Cloning of dedl+ 
The dedi+ gene was cloned by complementation for the cold-sensitive defects and temperature-
resistant effects of the suppressors #X and #Y, using the fission yeast genomic library obtained by NBRP 
(Nakamura et ai., 2001). Sequencing of the plasmid clones isolated from the genomic library indicated the 
presence of the same gene, dedr, on each plasmid. The dedr locus of the suppressors #X and #Y was 
amplified by PCR and sequenced, and the mutations in the dedi genes of both suppressors were 
characterized. 
2.16 Chromatin fractionation 
Chromatin fractionation was done according to Ogawa et ai. (1999) with modifications. Yeast 
cells (2.5x 108) were washed in ice-cold STOP buffer (150 mM NaCI, 50 mM NaF, 10 mM EDT A, 1 mM 
NaN3) before suspended in 1 ml PEMS (100 mM PIPES, 10 mM EGT A, 10 mM MgS04, 1.2 M sorbitol) 
containing 1 mg/ml Lysing enzyme from Tricoderma harzianum (Sigma) and 0.5 mg/ml Zymolase lOOT 
from A. iuteus (Seikagaku Biobusiness). Cell suspensions were incubated at 37°C until approximately 
90% of cell walls were digested (± 30-40 min). Cells were washed once in 1 ml of 1.2 M sorbitol before 
suspended in 500 III HBS buffer (25 mM MOPS pH 7.2, 15 mM MgCb, 15 mM EGT A, 60 mM B-
glycerophosphate, 15 mM p-nitrophenylphosphate, 0.1 mM Na3V04, 1 mM OTT, 1 mM PMSF, Ix 
Complete, 0.5% TritonX-100, 0.4 mM sorbitol). After 5-10 min incubation on ice, the cell suspensions 
were centrifuged at 14.000 rpm for 15 min at 4°C to separate soluble (cytoplasm and nucleoplasm) and 
insoluble (chromatin-enriched) fraction. The insoluble fraction was washed with lysis buffer 3-10 times to 
remove residual soluble fraction. 
2.17 Genomic DNA isolation 
Yeast genomic DNA was isolated either using Qiagen Genomic DNA buffer set (#19060) with 
Qiagen genomic tip 100/G (# 10243) according to manufacturer's protocol or by standard genomic DNA 
isolation. Briefly, cells (2x107) was suspended in 200 III TEL T buffer (50 mM Tris-HCl pH 8.0,62.5 mM 
EDT A, 2.5 M LiCI, 40/0 TritonX-100) and 200 III PCI (phenol:chloroform:isopropanol 25:24: 1) was 
added. The cell was disrupted using glass beads for 6 min at high-speed vortex. Afterwards, the DNA was 
separated by centrifugation at 13.000 rpm for 10 min. Water layer was collected and DNA was further 
precipitated by ethanol precipitation before finally dissolved in TE buffer (10 mM Tris-HCI, 1 mM 
EDT A pH 8.0). 
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The composition of TEL T buffer is as follows: 
TEL T (per 50 ml) 
10% Triton-X 
10% SDS 
5 M NaCI 
1 M Tris-HCI (pH 8.0) 
0.5M EDTA 
2.18 Escherichia coli genotypes 
DH5a (Invitrogen) 
10 ml 
5 ml 
mI 
500 ~I 
100 ~I 
Final concentration 
2 % 
% 
100 mM 
10 mM 
mM 
F- <I>80IacZL\MI5 L\(lacZYA-argF) U169recAl endAl hsdR17 (rK-, mK+)phoAsupE44 A-thi-
1 gyrA96 relAl 
BL21 (DE3) (Invitrogen) 
F- ompT hsdSB(rB-, mB-) gal dcm (DE3) 
KRX (Prom ega ) 
[F', traD36, L\ompP,proA+B+, lac/q, L\(lacZ)Ml5] L\ompT, endAl, recAI, gyrA96 (NaIr), thi-l, hsdR17 
(rk-, mk+), e 14- (McrA-), relA 1, supE44, L\(lac-proAB), L\(rhaBAD): :T7 RNA polymerase 
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Table 2-3. Genotype key of Escherichia coli 
Genotype Description 
lacZ ~-D-galactosidase gene; mutations yield colorless (vs. blue) colonies in the presence 
of X-gal 
lacZI1M15 Element required for ~-galactosidase complementation when plated on X-gal; used in 
blue/white screening of recombinants; usually carried on the lambdoid prophage <p80 
or F' 
leuB Requires leucine for growth on minimal media via ~-isopropyl malate dehydrogenase 
mutation 
Ion Ion Deficiency in the Lon ATPase-dependent protease; decreases the degradation of 
recombinant proteins; all B strains carry this mutation 
mcrA, Mutations that allow methylated DNA to not be recognized as foreign; this genotype 
mcrBC,or is necessary when cloning genomic DNA or methylated cDNA 
mrr 
nupG Mutation for the transport of nucleosides 
ompT Indicates that the E. coli lack an outer membrane protease-reduces degradation of 
heterologous the strains and recovery of intact recombinant proteins is improved in 
ompT minus strains 
P3 A 60-kb low-copy plasmid that carries the ampicillin and tetracycline resistance genes 
with amber mutations; used predominantly for selection of supF-containing plasmids; 
carries the kanamycin resistance gene for selection 
pLys pLys Plasmid that encodes T7 lysozyme; used to reduce basal expression in T7-driven 
expression systems by inhibiting basal levels of T7 RNA polymerase 
proAB proAB Requires proline for growth on minimal media 
recA Mutation in a gene responsible for general recombination of DNA; particularly 
desirable when cloning genes with direct repeats 
relA RNA is synthesized in absence of protein synthesis (relaxed phenotype) relA locus 
regulates the coupling between transcription and translation. In the wild type, limiting 
amino acid concentrations results in the shutdown of RNA synthesis 
rpsL Confers resistance to streptomycin (this makes a mutant ribosomal protein, small 
subunit, the target of the drug) 
supE,F tRNA glutamine suppressor of amber (supE)(UAG) or tyrosine (supF) 
thi-l Requires thiamine for growth on minimal media 
TnlO Confers tetracycline resistance via a transposon 
tonA Confers resistance to the lytic bacteriophage Tl, T5 and f80 
traD, D36 Prevents transfer of F' episome via transfer factor mutation 
tsx Confers resistance to phage T6 and colicin K 
xyl-5 Blocks catabolism of xylose 
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Genotype Description 
ara-l4 Blocks arabinose catabolism 
argF Ornithine carbamoyltransferase mutation blocks ability to use arginine 
damldcm Abolishes endogenous adenine methylation at GATC sequences (dam) or cytosine 
methylation at CCWGG sequences (dcm). Used to propagate DNA for cleavage with 
certain restriction enzymes (e.g. A va II, Bcl I) 
DE3 Lysogen that encodes T7 RNA polymerase. Used to induce expression in T7-driven 
expression systems 
endA endA Mutation in the non-specific endonuclease Endonuclease I; eliminates non-
specific endonuclease activity, resulting in improved plasmid preps 
F' A self-transmissible, low-copy plasmid used for the generation of single-stranded 
DNA when infected with M 13 phage; may contain a resistance marker to allow 
maintenance and will often carry the lacI and lacZl1M 15 genotypes 
galK Galactokinase mutation blocks catabolism of galactose-cells that are galK minus 
grow in the presence of galactose as the sole carbon source 
galU Glucose-I-phosphate uridylyltransferase mutation blocks ability to use galactose-
cells that are galU minus can grow on media that contains galactose as the sole carbon 
source 
gyrA96 DNA gyrase mutant produces resistance to nalidixic acid 
hsd Mutations in the system of methylation and restriction that allow E. coli to recognize 
DNA as foreign. The hsd genotype allows efficient transformation of DNA generated 
from PCR reactions *hsdR-eliminates restriction of unmethy lated EcoK I sites. 
lacl Encodes the lac repressor that controls expression from promoters that carry the lac 
operator; IPTG binds the lac repressor and derepresses the promoter; often used when 
performing blue/white screening or to control expression of recombinant genes 
lacYl Blocks use of lactose via ~-D-galactosidase mutant 
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2.19 General peR recipes 
2.19.1 Point Mutation peR 
dH20 
1 OxPfu Ultra Buffer 
dNTP mix 
1 0 ~M Primer F 
1 0 ~M Primer R 
Template (10 ng) 
Pfu Ultra 
2.19.2 Genomic peR 
dH20 
10 x Buffer ExTaq 
17.64 ~l 
2.5 ~l 
2 ~l 
0.68 ~l 
0.68 ~l 
~l 
0.5 III 
25 ~l 
12.4 ~l 
2.0 ~l 
dNTP mix (@2.5 mM) (Takara) 1.5 
1 0 ~M Primer F 
1 0 ~M Primer R 
Template 
Extaq (5U/~1 ) (Takara) 
2.19.3 peR with KOD 
dH20 
1.5 
1.5 
1.0 ~l 
0.1 III 
20 III 
32.5 ~l 
lOx KOD plus buffer (Toyobo) 5.0 ~l 
dNTPs (@2 mM) (Toyobo) 
MgS04 (Toyobo) 
1 0 ~M Primer F 
1 0 ~M Primer R 
Template 
KOD (Toyobo) 
5.0 ~l 
5.0 ~l 
2.0 ~l 
2.0 ~l 
1.0 ~l 
0.5 III 
50 111 
Heat cycle: 
95°C 
95°C 
53°C 
68°C 
68°C 
Heat cycle: 
94°C 
94°C 
54°C 
72°C 
72°C 
Heat cycle: 
94°C 
94°C 
55°C 
68°C 
68°C 
30 
30 
10 
00 
2 
30 
10 
10 
00 
2 
15 
30 
3 
5 
00 
sec 
sec } 
min 16 cycles 
min/kb 
min 
min 
sec } 
sec 30 cycles 
min 
min 
min 
sec} 
se~ 25 cycles 
mm 
min 
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2.19.4 Sequence Reaction PCR (Big Dye Terminator v3.1 Sequencing Kit (Applied Biosystem) 
dH20 5.65 ~l Heat cycle: 
Big Dye Sequencing Buffer 1.75 ~l 96°C min 
Primer (1.3 pmollL) 1.1 ~l 
Big Dye 0.5 ~l 
Template (100 ng) ~l 
96°C 10 sec 
50°C 5 se~ } 30 cycles 
60°C 4 mm 
10 ~l 4°C 00 
2.20 Western blotting reagents com positions 
Running gel (for 1 small gel) Upper gel (for 1 small gel) 
7% 8% 12.50% 
dH20 
dH20 2.275 ml 1.64 ml 1.3125ml B-2 
B-1 3.5 m} 3.5 ml 3.5 ml 
A-I (40%) 
A-I (40%) 1.225 ml 1.4 ml 2.1875 ml 
10% APS 
10% APS 30 ~l 30 ~l 30 ~l 
TEMED 
TEMED 5 ~l 5 ~l 5 ~l 
APS= ammonium persulfate 
TEMED=N,N,N' ,N' -tetramethy lethy lenediamine 
(30% Acrylamide) (per 300 ml) 
Acrylamide 
N ,N -bis-acrylamide 
90 
2.4 
B-1 (1.5 Tris-HCI pH 8.8) (per 300 ml) 
g 
g 
Tris 27 g 
SDS 0.6 g 
* Adjust to pH 8.8 with HCl. Keep at room temp. 
B-2 (0.5 Tris-HCI pH 6.8) (per 300 ml) 
Tris 9 g 
SDS 0.6 g 
* Adjust to pH 6.8 with HCl. Keep at room temp. 
Final concentration 
30 
0.8 
0/0 
% 
Final concentration 
0.75 M 
0.2 % 
Final concentration 
0.25 M 
0.2 % 
1.09 m} 
1.5 ml 
355 ml 
50 ~l 
2.5 ~l 
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SDS-PAGE Running Buffer lOx (per L) 
Tris 
SDS 
Glycine 
30.3 g 
10 g 
144.13 g 
PVDF membrane Stain (per 100 ml) 
Methanol 45 ml 
Acetic acid 10 ml 
Amido Black 0.1 g 
Transfer Buffer lOx (Semi-Dry) (per liter) 
Tris 58.15 g 
Glycine 29.28 g 
SDS 3.75 g 
SDS-PAGE Transfer Buffer 1 x (per liter) 
10x Transfer Buffer 
Methanol 
TBS 20x (pH 7.8) (per liter) 
Tris 
NaCI 
TBST 1 x (per liter) 
20x TBST 
Tween 20 
100 
200 
ml 
ml 
24.23 g 
116.88 g 
50 
2 
ml 
g 
Final concentration 
45 % 
10 % 
0.1 % 
Final concentration 
480 mM 
390 mM 
13 mM 
Final concentration 
0.2 
2 
M 
M 
Tween 20=Polyoxyethlylene(20) Sorbitan Monolaurate 
TBSTM (per liter) 
Skim Milk 
5% NaN2 
25 
5 
g 
ml 
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2.21 General mediums compositions 
YES (per liter) 
Yeast extract (OXOID) 5 g 
D-glucose 30 g 
Adenine sulfate dihydrate 225 mg 
Histidine 225 mg 
Leucine 225 mg 
Uracil 225 mg 
Lysine hydrochloride 225 mg 
EMM (Edinburg Minimal Medium) (per liter) 
Potassium hydrogen phthalate " g 
-' 
Na2HP04.12H20 5.5 g 
NH4CI 5 g 
D-glucose 20 g 
100x Salt Stock 10 ml 
1000x Vitamin Stock ml 
10.000x Mineral Stock 0.1 ml 
*Sterilization by 121°C, 20 minutes autoclave; for agar medium, add 1.5% agar (Nacalai) prior autoclave. 
*Supplements (Adenine, Histidine, Leucine, Uracil, Lysine @225 mglL) are added as necessary. 
SOx Salt Stock (per liter) 
MgCb.6H2O 53.3 g 
CaCb.2H2O 0.753 g 
KCI 50 
Na2S04 2 
1000x Vitamin Stock (per liter) 
Nicotinic acid 
Inositol 
Biotin 
Ca-panthothenic 100 
g 
g 
g 
g 
mg 
mg 
Final concentration 
5.2 mM 
0.1 mM 
13.4 mM 
0.24 mM 
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lO.OOOx Mineral Stock (per liter) Final concentration 
Boric Acid 0.5 g 8.1 ~M 
Manganese sulfate 0.4 g 2.37 ~M 
Zinc sulfate heptathydrate 0.4 g 1.39 ~M 
lron(Il) chloride hexahydrate 0.2 g 0.74 ~M 
Potassium iodide 0.1 g 0.6 ~M 
Copper(lI) sulfate pentahydrate 0.04 g 0.16 ~M 
Citric acid g 4.76 ~M 
LB (Lyzogeny Broth) (per liter) 
Polypeptone 10 g 
Yeast extract (Oxoid) 5 g 
NaCI 10 g 
2YT Medium (per liter) 
Bacto-tryptone (Difco) 16 g 
Bacto-yeast extract (Difco) 10 g 
NaCI 5 g 
* Adjust pH to 7.0 with 5N NaOH. 
SPA (per liter) 
D-Glucose 30 g 
KH2P04 g 
1000x Vitamin stock ml 
SOB(-Mg) (per liter) 
Bacto tryptone (Difco) 20 g 
Bacto-yeast extract (Difco) 5 g 
NaCI 0.584 g 
KCI 0.186 g 
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SOC Medium (per 960 ml) 
Bacto-tryptone (Difco) 
Bacto-yeast extract (Difco) 
NaCI 
250 mM KCI 
20 g 
5 g 
0.5 g 
10 ml 
* Adjust pH to 7.0 with 5N NaOH. Autoclave at 121°C, 20 minutes. After cooling, add 20 ml sterilized 1 
M glucose solution. Before usage, add 10 ml 1 M MgCh and 10 ml 1 M MgS04 per L medium. 
SC-LW (pH 7.0) (per liter) 
Yeast nitrogen-base without amino acid (Difco) 
D-Glucose 
6.7 g 
20 g 
Complete supplement mixture -His-Leu-Trp (BIO-IOl) 0.62 g 
Histidine 
2.22 General buffers compositions 
SDS Sample Buffer (per 100 ml) 2x 
SDS 4 g 
Glycerol 
15M j3-mercaptoethanol 
1 M Tris (pH 6.8) 
BPB 
20 
4 
ml 
ml 
12 ml 
0.002 g 
TE Buffer (pH 8.0) (per 100 ml) 
Tris-HCI 0.12 g 
EDTA 0.037 g 
Ix Laemmli buffer (per 100 ml) 
SDS 2 gr 
600/0 Glycerol 16.667 ml 
1 M Tris-HCI (pH 6.8) 6 ml 
15M j3-ME 2 ml 
20 mg 
5x 
20 g 
100 ml 
20 ml 
60 ml 
0.01 g 
Final concentration 
10 mM 
mM 
Final concentration 
20/0 
10% 
60mM 
0.3 M 
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TBE Buffer lOx (per liter) Final concentration 
Tris-base 108 g 0.89 M 
Boric acid 55 g 0.89 M 
0.5 EDT A (pH 8.0) 40 ml 0.02 M 
2.23 Others 
100 mM IPTG (Isopropyl-{3-D-galactosidase) (keep at _200 C) (per 10 ml) 
IPTG (Nacalai) 0.238 g 
DNA Ladder (1 kb) (per 10 ,...1) 
Gene Ruler (Fermentas) (500 ng/IlI) 1 III 
6x BPB Solution 
Quick-check solution 
Phenol 
Chloroform 
lOx BPB soln. 
BPB=bromo phenol blue 
5 
5 
3 
3 III 
ml 
ml 
ml 
1M HU (Hydroxyurea) (per 10 ml) 
Hydroxyurea (Sigma) 760.5 mg 
10 mM CPT (Camptothecin) (per 10 ml) 
(S)-(+)-Camptothecin (Sigma) 34.84 mg 
Final concentration 
50 ng/Ill 
100 mM PMSF (Phenylmethylsufonyl Fluoride Benzylsulfonyl Fluoride) 
PMSF 261 mg 
2-propanol 15 ml 
IMDTT 
OTT (dithithreithol) (nacalai tesque) 154.25 mg 
10 mM natrium acetate (pH 5.2) ml 
33 
PCI (RNase free) 
Phenol 
Chloroform (RNase free) 
Isoamyl-alcohol 
0.1 M Tris-HCI (pH 8.0 RNase free) 
50 
48 
2 
10 
ml 
ml 
ml 
ml 
*phenol:chloroform:isoamyl alcohol 25:24: 1 
lOx Loading dye (per 50 ml) 
Glycerol 25 g 
BPB (bromophenol bule) 0.125 g 
XC (xylene cyanolFF) 100 ~l 
0.5 M EDTA 100 III 
Calcofluor 
Fluorescent brightener 28 (MPBio) mg 
MilliQ ml 
Final concentration 
50 0/0 
2.5 % 
10 mM 
10 mM 
34 
3 .  R E S U L T S  
3 . 1  M c b l  i s  c o n s t i t u t i v e l y  e x p r e s s e d  a n d  c o n t i n u o u s l y  i n t e r a c t s  w i t h  M C M  p r o t e i n s  
C - t e l m i n a l l y  5  x  F l a g - o r  G F P - t a g g e d  M c b 1  ( m c b l - 5 F l a g  o r  m c b l - G F P ,  r e s p e c t i v e l y )  w a s  
c o n s t r u c t e d  t o  r e p l a c e  t h e  w i l d - t y p e  c o p y  i n  t h e  g e n o m e .  T h e  m c b l - 5 F l a g  o r  m c b l - G F P  c e l l s  s h o w e d  
n o r m a l  g r o w t h ,  i n d i c a t i n g  t h a t  t h e  t a g g e d  c o p i e s  w e r e  f u n c t i o n a l .  W h e n  c o m p a r e d  t o  a  s t r a i n  e x p r e s s i n g  
M c m 2 - G F P  o r  M c m 6 - G F P ,  t h e  M c b 1 - G F P  p r o t e i n  w a s  d e t e c t e d  a t  a  l e v e l  s i m i l a r  t o  M c m 2 - G F P  o r  
M c m 6 - G F P  b y  W e s t e r n  b l o t t i n g  ( F i g .  3 - 1 A ) .  E a c h  s u b u n i t  o f  t h e  M C M  c o m p l e x  ( M c m 2 - 7 )  i s  h i g h l y  
a b u n d a n t  a t  t h e  p r o t e i n  l e v e l ,  w i t h  a s  m u c h  a s  1  x  1 0
4  
m o l e c u l e s / c e l l  i n  f i s s i o n  y e a s t  ( N a m d a r  a n d  
K e a r s e y ,  2 0 0 6 ) ,  i n d i c a t i n g  t h a t M c b  1  i s  a l s o  a  h i g h l y  a b u n d a n t  p r o t e i n .  T o  u n d e r s t a n d  t h e  M c b  1  p r o t e i n  
p r o f i l e ,  t h e  e x p r e s s i o n  p a t t e r n  o f  t h e  M c b l  p r o t e i n  w a s  a n a l y z e d  d u r i n g  c e l l  c y c l e  p r o g r e s s i o n .  T h e  
c d c 2 5 - 2 2  m c b l - 5 F l a g  c e l l s  w e r e  s y n c h r o n i z e d  a t  t h e  G 2 / M  b o u n d a r y  b y  i n c u b a t i o n  a t  3 6 . 5 ° C  f o r  3 . 5  h  
a n d  t h e n  r e l e a s e d  a t  2 5 ° C .  C e l l  c y c l e  p r o g r e s s i o n  w a s  f o l l o w e d  t h r o u g h  o n e  f u l l  c e l l  c y c l e  a n d  m o n i t o r e d  
b y  a s s e s s i n g  t h e  s e p t a t i o n  i n d e x  ( F i g .  3 - 1  B ) .  N o  c e l l  c y c l e - d e p e n d e n t  c h a n g e  i n  t o t a l  p r o t e i n  l e v e l  o r  
m o b i l i t y  w a s  o b s e r v e d  i n  t h e  M c b  1  p r o t e i n  ( F i g .  3 - 1  C ) .  
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( B )  
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F I G U R E  3 - 1 .  E x p r e s s i o n  o f  M c b l  i n  a s y n c h r o n o u s  a n d  s y n c h r o n o u s  c e l l s .  
( A ) ,  E q u a l  a m o u n t s  o f  t o t a l  c e l l l y s a t e s  g e n e r a t e d  f r o m  a s y n c h r o n o u s  m c m 2 - G F P ,  m c m 6 - G F P  a n d  m c b l -
3 5  
GFP cells were separated on 8% SDS-PAGE gels and blotted for Mcm2-GFP, Mcm6-GFP and Mcb1-
GFP with an anti-GFP antibody and for tubulin (a loading control) with an anti-T AT1 antibody. 
(B), The cdc25-22 mcbl-5Flag cells were grown in YES medium at 2SoC until mid-log phase, blocked in 
G2/M phase by incubation at 36.SoC for 3.S h, and then released at 2SoC. The cell cycle phases were 
monitored by assessing the septation index. 
(C), Total cell lysates from synchronous cdc25-22 mcbl-5Flag cells generated at each time point were 
separated on 8% SDS-PAGE gels and blotted for Mcb1-SFlag with an anti-FLAG antibody, for Mcm6 
with an anti-Mcm6 antibody, for Mrc1 (a control of S-phase specific expression) with an anti-Mrc1 
antibody, and for tubulin (a loading control) with an anti-TATI antibody. 
Immunoprecipitation and/or mass spectrometry studies in humans, Xenopus and fission yeast 
showed that MCM-BPs (hMCM-BP for human, xMCM-BP for Xenopus, Mcbl for fission yeast) interact 
with all MCM complex subunits, except Mcm2 (Ding and Forsburg, 2011; Li et ai., 2011; Nishiyama et 
ai., 2010; Sakwe et al., 2007). Therefore, MCM-BP was thought to replace Mcm2 within the MCM 
complex (Sakwe et ai., 2007); however, in A. thaliana, AtMcm2 was found to co-purify with ETG 1, the A. 
thaliana MCM-BP ortholog, by mass spectrometry analysis (Takahashi et ai., 2008). To understand this 
discrepancy, confirmation of the interaction between Mcb 1 and MCMs in fission yeast was sought using 
co-immunoprecipitation studies. Mcb l-SFlag was immunoprecipitated and the immunoprecipitate was 
blotted for most MCM proteins. As shown in Fig. 3-2A, Mcb l-SFlag co-precipitated Mcm6 and Mcm7. 
In another experiment, Mcb I-SFlag co-precipitated Mcm6-GFP and Mcm2, although Mcb I-SFlag co-
precipitated Mcm2 at much lower levels than Mcm6-GFP (Fig. 3-2B). In later experiments, Mcbl-SFlag 
co-precipitated all six subunits of the MCM complex (Fig. 3-18A). To investigate whether the interaction 
between Mcb 1 and MCMs is cell cycle-dependent, the interaction between Mcb 1 and MCMs was 
analyzed in synchronized cells. The nda3-KM311 mcbl-5Flag mcm7-3HA cells were synchronized in M 
phase and then released, and progression was followed every 20 min (Fig. 3-2C and 3-2D). 
Immunoprecipitation of Mcb I-SFlag from each sample at the indicated time points showed that Mcb 1-
SFlag continuously interacts with Mcm7-3HA and Mcm6 independently of the cell cycle phase (Fig. 3-
2E). These results indicate that the Mcb 1 protein is constitutively expressed and continuously interacts 
with MCM proteins throughout the cell cycle. 
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F I G U R E  3 - 2 .  M c b l  i n t e r a c t s  w i t h  t h e  M C M  c o m p l e x  i n  v i v o .  
( A ) ,  W i l d - t y p e  a n d  m c b l - 5 F l a g  c e l l s  w e r e  g r o w n  i n  Y E S  m e d i u m  a t  3 0 ° C  u n t i l  m i d - l o g  p h a s e  a n d  
h a r v e s t e d .  S o l u b l e  c e l l  l y s a t e s  w e r e  p r e p a r e d  u s i n g  t h e  s p h e r o p l a s t  m e t h o d  a n d  i m m u n o p r e c i p i t a t e d  w i t h  
a n t i - F L A G  a n t i b o d y  f o l l o w e d  b y  i m m u n o b l o t t i n g  f o r  M c m 7  w i t h  a n  a n t i - M c m 7  a n t i b o d y ,  f o r  M c m 6  w i t h  
a n  a n t i - M c m 6  a n t i b o d y ,  o r  f o r  M c b l - 5 F l a g  w i t h  a n  a n t i - F L A G  a n t i b o d y .  
( B ) ,  S o l u b l e  l y s a t e s  o f  m c m 6 - G F P  a n d  m c m 6 - G F P  m c b l - 5 F l a g  c e l l s  w e r e  p r e p a r e d  a n d  
i m m u n o p r e c i p i t a t e d  a s  d e s c r i b e d  i n  ( A ) ,  f o l l o w e d  b y  i m m u n o b l o t t i n g  f o r  M c m 2  w i t h  a n  a n t i - M c m 2  
a n t i b o d y ,  f o r  M c m 6 - G F P  w i t h  a n  a n t i - G F P  a n t i b o d y ,  o r  f o r  M c b l - 5 F l a g  w i t h  a n  a n t i - F L A G  a n t i b o d y .  
( C ) ,  E x p e r i m e n t a l  m o d e l .  T h e  n d a 3 - K M 3 1 1  m c b l - 5 F l a g  m c m 7 - 3 H A  c e l l s  g r o w n  i n  Y E S  m e d i u m  a t  2 8 ° C  
w e r e  i n c u b a t e d  a t  2 0 ° C  f o r  4  h  t o  i n d u c e  a r r e s t  i n  M  p h a s e  a n d  r e l e a s e d  a t  2 8 ° C  ( t i m e  0 ) .  A l i q u o t s  o f  
c u l t u r e s  t a k e n  a t  t h e  i n d i c a t e d  t i m e  p o i n t s  w e r e  a n a l y z e d  b y  f l o w  c y t o m e t r y  a n d  i m m u n o p r e c i p i t a t i o n .  
( D ) ,  T h e  D N A  c o n t e n t  o f  t h e  n d a 3 - K M 3 1 1  m c b l - 5 F l a g  m c m 7 - 3 H A  c e l l s  r e l e a s e d  f r o m  M  p h a s e  b l o c k  
w a s  a n a l y z e d  b y  f l o w  c y t o m e t r y .  S - p h a s e  i s  i n d i c a t e d  a s ' S ' .  
( E ) ,  S o l u b l e  l y s a t e s  o f  n d a 3 - K M 3 1 1  m c b l - 5 F l a g  m c m 7 - 3 H A  c e l l s  w e r e  p r e p a r e d  a t  t h e  i n d i c a t e d  t i m e  
p o i n t s  a n d  i m m u n o p r e c i p i t a t e d  a s  d e s c r i b e d  i n  ( A )  f o l l o w e d  b y  i m m u n o b l o t t i n g  f o r  M c m 7 - 3 H A  w i t h  
a n t i - H A  a n t i b o d y ,  f o r  M c m 6  w i t h  a n  a n t i - M c m 6  a n t i b o d y ,  o r  f o r  M c b l - 5 F l a g  w i t h  a n  a n t i - F L A G  
a n t i b o d y .  S - p h a s e  i s  i n d i c a t e d  a s ' S ' .  
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3 . 2  M c b l  c a n  i n t e r a c t  w i t h  a n y  o f  t h e  i n d i v i d u a l  M C M  s u b u n i t s  
T o  u n d e r s t a n d  t h e  i n t e r a c t i o n s  b e t w e e n  M c b  1  a n d  e a c h  o f  t h e  M C M  c o m p l e x  s u b u n i t s  ( M c m 2 - 7 ) ,  
t h e  i n t e r a c t i o n  b e t w e e n  M c b l  a n d  M c m 2 - 7  w a s  a s s e s s e d  b y  y e a s t  t w o - h y b r i d  a s s a y  ( F i g .  3 - 3 A ) .  M c b l  
a s s o c i a t e d  w i t h  a l l  o f  t h e  M c m 2 - 7  s u b u n i t s ,  w h e r e a s  n o  i n t e r a c t i o n  b e t w e e n  M c b  1  a n d  t h e  v e c t o r  c o n t r o l  
o r  b e t w e e n  t h e  v e c t o r  c o n t r o l  a n d  M c m 2 - 7  w a s  d e t e c t e d .  T h e  i n t e r a c t i o n  b e t w e e n  M c b  1  a n d  M c m 2  a n d  
M c b l  a n d  M c m 6  w a s  s t r o n g e r  t h a n  b e t w e e n  M c b l  a n d  M c m 3 / 4 / 5 1 7  i n  t h i s  t w o - h y b r i d  a s s a y .  T h e  
i n t e r a c t i o n s  b e t w e e n  M c b  1  a n d  M c m 2 - 7  w e r e  f u r t h e r  c o n f i r m e d  b y  i n  v i t r o  p u l l - d o w n  a n a l y s i s  u s i n g  
b a c t e r i a l l y  p u r i f i e d  r e c o m b i n a n t  p r o t e i n s  ( F i g .  3 - 3 B ) .  
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F I G U R E  3 - 3 .  M c b l  i n t e r a c t s  w i t h  a n y  o f  t h e  i n d i v i d u a l  M C M  s u b u n i t s .  
( A ) ,  T w o - h y b r i d  i n t e r a c t i o n s  b e t w e e n  M c b  1  a n d  M c m 2 - 7 .  T h e  i n t e r a c t i o n  o f  G a I 4 - D B D - M c b  1  i n  t h e  
A H I 0 9  s t r a i n  ( w h e n  c o m b i n e d  w i t h  t h e  G a I 4 - A D - M c m 2 - 7  p l a s m i d s )  w a s  t e s t e d  i n  t h e  y e a s t  t w o - h y b r i d  
a s s a y .  T h e  i n t e r a c t i o n s  w e r e  m o n i t o r e d  o n  S C - T r p - L e u  ( S C - W L ;  n o n - s e l e c t i v e )  m e d i u m  a n d  S C - T r p -
L e u - H i s - A d e  ( S C - W L H A ;  s e l e c t i v e )  m e d i u m .  
( B ) ,  I n t e r a c t i o n s  b e t w e e n  b a c t e r i a l l y  e x p r e s s e d  M c b l  p r o t e i n  a n d  M c m 2 - 7 .  T 7 - H i s
6
- t a g g e d  M c b l  p r o t e i n  
( T 7 - H i s
6
- M c b l ) ,  H i s 6- t a g g e d  S w i 6  p r o t e i n  ( H i s
6
- S w i 6 )  a n d  G S T - t a g g e d  M c m 2 - 7  p r o t e i n s  ( G S T - M c m X )  
w e r e  p r o d u c e d  i n  E .  c o l i .  P u r i f i e d  G S T  o r  G S T  - t a g g e d  M c m 2 - 7  p r o t e i n s ,  w h i c h  a r e  s p e c i f i c a l l y  b o u n d  t o  
3 8  
glutathione sepharose, were mixed with purified T7-His6-Mcbl protein or His6-Swi6 and pulled down by 
glutathione sepharose. The GST pull-down samples were separated on 80/0 SDS-PAGE gels and blotted 
with an anti-His6 antibody to detect T7-His6-Mcb 1 or His6-Swi6 and with an anti-GST antibody to detect 
GST -tagged proteins. 
The GST-tagged fusion proteins (GST, GST-Mcm2, GST-Mcm3, GST-Mcm4, GST-Mcm5, 
GST-Mcm6 and GST-Mcm7) bound to glutathione sepharose were incubated with purified T7-His6-
tagged Mcb 1 (T7-His6-Mcb 1) or His6-tagged Swi6 protein (His6-Swi6). T7-His6-Mcb 1 interacted with all 
GST-Mcm2-7, whereas no interaction between T7-His6-Mcbl or His6-Swi6 and GST alone was detected. 
These results show that the Mcbl protein has the ability to interact with any individual MCM subunit. 
Detailed experiment concerning in vitro binding assay in Fig. 3-3B can be found in Sabrina Martha 
master thesis (2012). 
3.3 Overproduction of Mcbl protein inhibits cell growth 
To overproduce Mcbl protein in fission yeast, a plasmid in which the expression of mcbl IS 
controlled by the nmtl promoter according to the absence or presence of thiamine was constructed. Under 
repressed conditions, cells harboring a vector plasmid or an nmtl-3HA-mcbl· plasmid (pSLFI73L-
mcbl ) grew normally; however, under induced conditions, cells overexpressing mcbl grew much more 
slowly than the control (Fig. 3-4A). Most of the cells overexpressing mcbl showed an elongated 
phenotype and altered DNA content (Fig. 3-4B and 3-4C). Moreover, overproduction of the Mcbl protein 
disrupted MCM complex formation (Fig. 3-4D). The Mcm5, Mcm6 and Mcm7-3HA protein profiles 
generated by gel filtration analysis showed a marked shift toward a lower molecular weight. Ding and 
F orsburg (Ding, 2011) reported that the overproduction of Mcb 1 causes Mcm2 to dissociate from other 
MCM proteins. Consistenly, the gel chromatography results also indicate that the overproduction ofMcbl 
affects MCM complex formation. 
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3 H A - M c b l  
F I G U R E  3 - 4 .  O v e r p r o d u c t i o n  o f  M c b l  i n h i b i t s  c e l l  g r o w t h .  
( A ) ,  A l i q u o t s  o f  w i l d - t y p e  c e l l s  h a r b o r i n g  t h e  p S L F 1 7 3 L  v e c t o r  a n d  p S L F I 7 3 L - m c b l +  w e r e  s p o t t e d  o n t o  
E M M  p l a t e s  s u p p l e m e n t e d  ( o r  n o t )  w i t h  5  ~M t h i a m i n e  ( a f t e r  5 - f o l d  s e r i a l  d i l u t i o n )  a n d  i n c u b a t e d  a t  
3 0 ° C  f o r  5  d a y s .  
( B ) ,  R e p r e s e n t a t i v e  i m a g e s  o f  D A P !  s t a i n i n g  o f  w i l d - t y p e  c e l l s  h a r b o r i n g  p S L F 1 7 3 L - m c b l +.  C e l l s  w e r e  
g r o w n  i n  l i q u i d  E M M  m e d i u m  c o n t a i n i n g  5  ~M t h i a m i n e  u n t i l  l o g  p h a s e  a t  3 0 ° C .  C e l l s  w e r e  t h e n  w a s h e d  
w i t h  t h i a m i n e - f r e e  m e d i u m  a n d  i n c u b a t e d  f o r  2 0  h  a t  3 0 ° C  t o  i n d u c e  e x p r e s s i o n  b y  t h e  n m t l  p r o m o t e r .  
( C ) ,  T h e  D N A  c o n t e n t  o f  c e l l s  d e s c r i b e d  i n  ( B )  w a s  a n a l y z e d  b y  f l o w  c y t o m e t r y .  
( D ) ,  O v e r e x p r e s s i o n  o f  M c b l  p r o t e i n  d i s r u p t e d  M C M  c o m p l e x  f o r m a t i o n .  T h e  m c m 7 - 3 H A  c e l l s  
h a r b o r i n g  p S L F I 7 3 L - m c b l +  w e r e  g r o w n  i n  E M M  m e d i u m  a t  3 0 ° C  u n t i l  m i d - l o g  p h a s e  i n  t h e  p r e s e n c e  o f  
5  J l M  t h i a m i n e  t o  r e p r e s s  t h e  n m t l  p r o m o t e r .  C e l l s  w e r e  t h e n  w a s h e d  w i t h  t h i a m i n e - f r e e  m e d i u m  a n d  
4 0  
incubated for 20 h at 30°C to induce expression by the nmtl promoter. Soluble lysates of cells cultured 
under repressed (+ Thi) or induced conditions (-Thi) were prepared and then subjected to gel filtration 
using the HiLoad Superdex 16/60 200 pg column in AKT A micro ™ system. Each fraction was 
immunoblotted for Mcm5 with an anti-Mcm5 antibody, for Mcm6 with an anti-Mcm6 antibody, for 
Mcm7-3HA with an anti-HA antibody, or for 3HA-Mcb 1 with anti-HA antibody. Arrows indicate Mcm5 
protein and stars indicate background signals. 
3.4 Isolation of mcbl temperature-sensitive mutants 
As it appeared unlikely that disrupting Mcb 1 function by temperature-sensitive mcb 1 alleles 
would have an indirect effect on the normal MCM complex, temperature-sensitive mcbl mutants in 
fission yeast were isolated. The mcbl-5Flag-kanr construct was amplified by error-prone PCR and 
introduced into wild-type cells (Fig. 3-5A). From the ~ 1,000 G418-resistant trans formants , two mcbl 
mutants that showed sensitivity to high temperature (mcbl tS ) were isolated. To identifY the mutated sites, 
the mutant genes in the two mcbts were isolated by PCR amplification and the sequences were 
determined. A single nucleotide change was identified at the 254th or 363th codon, both of which cause 
substitutions from the conserved hydrophobic leucine (L) residue to proline (P). These two amino acids 
(L254 and L363) are highly conserved among MCM-BP orthologs and are located in the C-terminal 
domain of Mcb 1 (Fig. 3-5B and 3-6). 
To confirm that the L254P or L363P substitution resulted in the phenotype observed in the two 
mcbts mutants, the L254P or L363P mutation was introduced into wild-type cells using the PCR-based 
tagging method to place a 5 x Flag epitope at the C-terminus and mark the allele with the kanMX6 gene. 
The resulting G418-resistant haploid tran s form ants , designated mcblL254P -5Flag or mcb lL363P -5Flag, 
produced the temperature-sensitive phenotypes. Therefore, its can be concluded that a single amino acid 
substitution (L254P or L363P) resulted in the phenotypes observed in the two mcbls mutants. These two 
strains, mcbl L254P-5Flag (mcbl L254P) and mcbl L363P-5Flag (mcbl L363P) were used for further analysis. 
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F I G U R E  3 - 5 .  I s o l a t i o n  a n d  p h e n o t y p e  o f  m e b i  t e m p e r a t u r e - s e n s i t i v e  m u t a n t s .  
( A ) ,  I s o l a t i o n  o f  t h e  m c b l L 2 5 4 P  a n d  m c b l
L 3 6 3 P  
t e m p e r a t u r e - s e n s i t i v e  m u t a n t s .  T h e  m c b l +- 5 F l a g - k a n  
c o n s t r u c t  o n  a  c h r o m o s o m e  i s  i l l u s t r a t e d .  T h e  a r r o w h e a d s  i n d i c a t e  t h e  p o s i t i o n  o f  t h e  p r i m e r s  u s e d  f o r  
p e R  a m p l i f i c a t i o n .  
( B ) ,  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  M c b  1  p r o t e i n  s h o w i n g  t h e  l o c a t i o n  o f  p o i n t  m u t a t i o n s  i n  t h e  
t e m p e r a t u r e - s e n s i t i v e  m c b l L 2 5 4 P  a n d  m c b l
L 3 6 3 P  
a l l e l e s .  T h e  a p p r o x i m a t e  l o c a t i o n  o f  t h e  W a l k e r  A ,  W a l k e r  
B  a n d  a r g i n i n e  f i n g e r  f e a t u r e s ,  w h i c h  a r e  c h a r a c t e r i s t i c  o f  t h e  c a n o n i c a l  M e M  p r o t e i n s  ( w h i c h  a r e  a b s e n t  
i n  M e M - B P ) ,  a r e  s h o w n  f o r  r e f e r e n c e .  
( e ) ,  W i l d - t y p e ,  m c b l - 5 F l a g ,  m c b l L 2 5 4 P _ 5 F l a g  a n d  m c b l
L 3 6 3 P
- 5 F l a g  c e l l s  w e r e  s e r i a l l y  d i l u t e d  5 - f o l d ,  
4 2  
spotted onto YES medium supplemented with MMS, CPT or HU at the indicated concentrations, and 
incubated at 25-32°C for 3-6 days. 
(D), The mcbl L254P-5Flag cells were grown in YES at 25°C until log phase and then shifted up to 34°C 
for 6 h. Representative DAPI stained images of the cells are shown. 
(E), Representative DAPI images ofmcblL363P-5Flag cells grown similarly as (D). 
The mcblL254P and mcbl L363P cells were incapable of colony formation at 32°C (Fig. 3-5C). The 
mcblL254P cells were temperature sensitive, even at 30°C, but the mcblL363P cells were not, indicating that 
the mcblL254P cells are more sensitive to high temperature than the mcbl L363P cells. Therefore, further 
analysis focused on mcb lL254P, although mcb lL363P is also partially included in this study. Moreover, the 
mcblL254P and mcbl L363P cells were sensitive to S-phase stressing agents, such as MMS, HU and CPT. HU 
depletes the dNTP pool and inhibits DNA synthesis. CPT traps topoisomerase I on DNA and interferes 
with DNA replication (Pommier et al., 2006). MMS alkylates the template DNA. Both MMS and CPT 
induce the formation of double-stranded DNA breaks (DSBs) when the replication fork passes damage 
sites, while HU causes fork stalling. However, there was no sensitivity to UV-mediated DNA damage 
(data not shown). These results show that Mcb 1 is important for surviving replication stress. 
Actually, the mcbl L254P and mcbl L363P cells accumulated spontaneous DNA damage as recognized 
by Rad22 (Fig. 3-7C and 3-70), both at permissive temperature and restrictive temperature. At 25°C, 
mcbl L254P had drastically higher percentage of cells with Rad22-YFP signal compared to WT (1 focus of 
Rad22: 19.74±0.01 (WT) and 55.63±4.87 (mcblL254P); ~2 Rad22-YFP foci: 10.30±0.61 (WT) and 
21.63±5.92 (mcbl L254P)). Incubation at restrictive temperature for 4 h increased the percentage of cells 
with ~2 Rad22-YFP foci in mcblL25./P to more than twice the percentage at 25°C (l focus of Rad22: 
21.46±3.64 (WT) and 44.04±3.73 (mcbl L254P); ~2 Rad22-YFP foci: 7.94±3.64 (WT) and 45.59±6.50 
(mcb lL254P)). Similar result was observed in mcb lL363P cells (Fig. 3-70). These results are consistent with 
the result reported by Li et al. (2011). In addition, Ding and Forsburg (2011) concluded that 
overexpression of Mcb 1 triggers cell cycle arrest in a manner that depends upon Rad3 and Chk 1. 
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M u l t i p l e  a m i n o  a c i d  s e q u e n c e  a l i g n m e n t  o f  t h e  M C M - B P  o r t h o l o g s  w a s  p e r f o n n e d  u s i n g  C l u s t a l W  2 . 1 .  
S e q u e n c e  r e f e r e n c e s  a r e  a s  f o l l o w s :  S . p o m b e  ( G I ,  1 9 1 1 4 0 3 4 ) ,  S . j a p o n i c u s  ( G I ,  2 1 3 4 0 2 4 4 7 ) ,  O s t r e o c o c c u s  
l u c i m a r i n u s  ( G I ,  1 4 5 3 4 0 7 7 7 ) ,  S e l a g i n e l l a  m o e l l e n d o r j j i i  ( G I ,  3 0 2 7 6 6 2 6 9 ) ,  A r a b i d o p s i s  t h a l i a n a  ( G I ,  
4 2 5 6 9 8 0 5 ;  2 6 5 1 3 0 2 ) ,  M a l a s s e z i a  g l o b o s a  ( G I ,  1 6 4 6 5 7 5 4 2 ) ,  P h y s c o m i t r e l l a  p a t e n s  s u b s p .  P a t e n s  ( G I ,  
1 6 8 0 6 1 9 1 4 ) ,  O r y z a  s a t i v a  ( G I ,  1 1 5 4 3 4 7 2 0 ) ,  V i l i s  v i n i f e r a  ( G I ,  2 9 7 7 3 6 5 1 1 ) ,  S o r g h u m  b i c o l o r  ( G I ,  2 4 2 0 5 1 9 6 1 ) ,  
4 4  
Homo sapiens (GI, 13376243), Mus musculus (GI, 22122389), Xenopus tropicalis (GI, 89272880), Drosophila 
melanogaster (GI, 7297199), Trichomonas vaginalis (GI, 123449569), Schizophyllum commune (GI, 
302692380), and Ricinus communis (GI, 255559657). Small hydrophobic residues (A, V, F, P, M, I, L, W) are 
colored red, acidic residues (D, E) are colored blue, basic residues (R, H, K) are colored magenta and hydroxyl, 
sulfhydryl and amine residues (S, T, Y, H, C, N, G, Q) are colored green. The locations of the point mutations 
. h . . bl L254P d b1L363P II 1 h In t e temperature-sensItIve mc an mc - - a e es are sown. 
Furthermore, the viability of the mcblL254P mutant was examined at the restrictive temperature. 
Mid-log phase unsynchronized cultures of mcb l-5Flag and mcb lL254P -5Flag cells were shifted up to 36°C 
for variable periods of time. Then, variable numbers of cells were plated and incubated at 25°C. The 
viability of the mcbl L254P cells decreased markedly after 4 h of incubation at 36°C, and no viable cells 
remained after 8 h of incubation (Fig. 3-8A and 3-8B). The terminal phenotype was also observed in a 
single mcblL254P cell grown at 36°C (Fig. 3-8C). The cell invariably stopped growing after 2-4 divisions 
(4-16 cells) and showed an elongated cell shape. 
3.5 Genetic interaction between mcbl+ and DNA replication factors 
Combining two mutations in different genes results in synthetic lethality or enhanced temperature 
sensitivity when the corresponding gene products function in the same process. To explore the genetic 
relationship between Mcb 1 and other replication factors, double mutants carrying mcbl L254P and a 
mutation in a component of the pre-RC, the pre-IC, or the DNA polymerases were constructed. The 
mcblL254P cdc19-P llmcm2 and the mcblL254P swi7-H4 (Pola) double mutants exhibited more severe 
sensitivity than the parental strains, whereas the sensitivity of mcblL254P sld3-l0 did not differ 
significantly from that of single mutants (Fig. 3-9A). The results of similar experiments are summarized 
in Fig. 3-9B. A mcbl L254P ndal-376lmcm2 double mutant could not be created, indicating that the 
combination of the mcblL254P mutation with the ndal-376lmcm2 mutation results in synthetic lethality, or 
an extremely sick phenotype. The temperature sensitivity of the mcblL254P cells was increased by cdc19-
PlImcm2, cdc2l-M68Imcm4, mis5-628lmcm6, hskl-13l2, nda4-l08Imcm5, cut5-T40l, mcmlO-5 and 
cdc27-P 11 (Polo). The temperature sensitivity of the mcbl L254P cells was slightly increased by orp5-H19, 
orpl-H5, swi7-H4 (Pola), goal-U53 (Cdc45), pola-ts13 and cdc6-l2l (Polo). By contrast, the 
temperature sensitivity of the mcbl L254P cells was not affected by cdc l8-K46, hskl-89, sna4l-928Icdc45, 
sld3-l0, cdc2-33, psf3-l or cdc20-M10 (Pole) (Fig. 3-9B). These results suggest that Mcbl functions in 
processes that involve the pre-RC components NdallCdc 19/Mcm2, Cdc2l1Mcm4 and Mis5/Mcm6, the 
pre-IC components Hskl, Nda4/Mcm5 and McmlO, and the DNA polymerase component Cdc27/Polo. 
45 
( A )  
I ·  
~:.' . . .  '  ";~~ . . . . .  ~ 
i ' "  '  • • • •  8  • • • •  (~~ , ; ; ;  
;  .• . • • • • • • • • • •  . 0  
: . .  •  •  •  . f 1  C~ •  0  ~f? 
'  . . . . . . . . . . .  .  
'  . . . . . . . . . .  ~~; ;~' . .  
~ . . . . . . . . . . .  .  
' : \ '  
~:c • . • •  e ,  . • • •  
( B )  m c b l +  m c b l L 2 5 4 P  
m c b l - 5 F l a g  
m c b l
L 2 5 4 P  
- 5 F l a g  
2 5  3 6 ° C  2 5  3 6  
m c b l - 5 F l a g  
m c b l
L 2 5 4 P  
- 5 F l a g  
m c b l - 5 F l a g  c d s l : : u r a 4  
m c b l L 2 5 4 P  - 5 F l a g  
m c b l - 5 F l a g  c h k l : : K a n M X 6  
m c b l
L 2 5 4 P  
- 5 F l a g  c h k l :  : K a n M X 6  
~Chkl-3HA-P 
. . . . . . . . . .  · '- r C h k l - 3 H A  
: : = = = = = : : : : : : = = = : : : : 1  :;~;;~) 
( E )  
W T  
m c b l L 2 5 4 P  
c u t 5 - T 4 0 1  
I  
m c b l L 2 5 4 P  
c u t 5 - T 4 0 1  
( D )  
- 7 0  
~ 
=  
•  1  f o c u s  0  2 1 m  o r e  f o c i  
.~60 
r I l  
~ 5 0  
~ 
N  4 0  
N  
" 0  
~ 3 0  
. . c :  
. - : : :  2 0  
~ 
~ 1 0  
~ 
~ 
~ 0  
m c b l  m c b l L 2 5 4 P  m c b l L 3 6 3 P  
2 5 ° C  
T  
m c b l  m c b l L 2 5 4 P  m c b l L 3 6 3 P  
3 4 ° C  
F I G U R E  3 - 7 .  T h e  C h k l - d e p e n d e n t  D N A  d a m a g e  c h e c k p o i n t  i s  a c t i v a t e d  a n d  R a d 2 2  r e p a i r  f o c i  
a c c u m u l a t e  i n  m c b l L 2 5 4 P  m u t a n t s .  
( A ) ,  T h e  m c b l
L 2 5 4 P  
d e f e c t s  a r e  s e n s e d  b y  t h e  R a d 3 - C h k l  D N A  d a m a g e  c h e c k p o i n t  p a t h w a y .  F i v e - f o l d  
s e r i a l  d i l u t i o n s  o f  m c b l - 5 F l a g ,  m c b l L 254P - 5 F l a g  a n d  t h e i r  d o u b l e  m u t a n t  c o u n t e r p a r t s ,  i n  w h i c h  t h e  
s e c o n d  m u t a t i o n  i s  r a d 3 f 1 ,  c d s  1  i J . ,  o r  c h k l  i J . ,  w e r e  s p o t t e d  o n t o  Y E S  p l a t e s  a n d  t h e n  i n c u b a t e d  a t  2 5  o r  
3 0 ° C  f o r  3 - 6  d a y s .  
( B ) ,  C h k l  p h o s p h o r y l a t i o n .  C e l l  e x t r a c t s  w e r e  p r e p a r e d  f r o m  m c b l - 5 F l a g  a n d  m c b l
L 2 54P
- 5 F l a g  c e l l s  
e x p r e s s i n g  H A - t a g g e d  C h k l  b e f o r e  a n d  a f t e r  t r e a t m e n t  w i t h  t h e  r e s t r i c t i v e  t e m p e r a t u r e  ( 3 6 ° C )  f o r  4  h .  
T h e  c e l l  e x t r a c t s  w e r e  s e p a r a t e d  o n  8 %  S D S - P A G E  g e l s  a n d  b l o t t e d  f o r  C h k l - 3 H A  w i t h  a n  a n t i - H A  
4 6  
antibody and for Mcbl-5Flag with an anti-Flag antibody. Western blotting was done by Sabrina Martha. 
(C), Formation of Rad22-YFP foci. The mcb1-SFIag and mcb1L254P-SFIag cells expressing Rad22-YFP 
were grown in EMM5S at 25°C and shifted up to 36°C for 4 h. Representative images of Rad22-YFP foci 
in mcb1 and mcb1L254P cells are shown. Red circles indicate cells containing ~2 Rad22-YFP foci. 
(D), At least 200 cells were counted at each time point. The percentage of cells showing 1 or ~ 2 Rad22-
YFP signals is shown. Data present the average ± SD (n =3). 
(E), Synthetic defects between mcb1L254P and cutS-T401. Five-fold serial dilutions of wt, mcb1L254P, cutS-
T401, mcb1L254P cutS-T401 were spotted onto YES plate and incubated at 25 or 30°C for 3-6 days. 
3.6 Overproduction of Mcm5 suppresses mcblts mutants 
To identify factors that functionally interact with the Mcb 1 protein, a screen for fission yeast 
genes able to suppress the temperature sensitivity of mcb 1L254P cells was conducted using a multi-copy 
plasmid. The fission yeast genomic library (pTN-LI genomic library from NBRP) (Nakamura et al., 
2001) was introduced into mcb1 L254P cells, and transformants that were less sensitive to high temperature 
were selected. The plasmids recovered from these less sensitive clones contained the mcb1+ or the mcmS+ 
gene. The product of the mcmS+ gene, the Mcm5 protein, is one of the subunits of the MCM complex. A 
serial dilution assay showed that overexpression of Mcm5 suppressed the temperature sensitivity of 
mcb 1L254P cells at 34°C but not at 36°C (Fig. 3-9C). Complete suppression was achieved only by the 
introduction of a multi-copy plasmid expressing the mcb r- gene. This result prompted us to investigate 
the specificity of this suppression by introducing multi-copy plasmids expressing other members of the 
MCM complex. As shown in Fig. 3-9D, overproduction of Mcm2, Mcm3 or Mcm4 did not suppress the 
temperature sensitivity of mcb1L254P cells at all, but overproduction of Mcm6 or Mcm7 did slightly 
suppress the temperature sensitivity at 30°C. These results indicate the close genetic relationship between 
mcb 1+ and some MCM genes, especially the mcmS+ gene. These findings suggest that some MCM 
functions are impaired by the mcb1L254P mutation. 
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2  t o  8  h .  A p p r o x i m a t e l y  5 0 0  c e l l s  w e r e  t h e n  p l a t e d  a n d  i n c u b a t e d  a t  2 5 ° C  f o r  5  d a y s .  R e p r e s e n t a t i v e  
i m a g e s  a r e  s h o w n .  
( B ) ,  G r a p h  s h o w i n g  t h e  v i a b i l i t y  o f  t h e  c e l l s  d e s c r i b e d  i n  ( A ) .  
( C ) ,  A ·  s i n g l e  m c b l L 2 5 4 P _ 5 F l a g  c e l l  g r o w n  o n  a  Y E S  p l a t e  a t  2 5 ° C  w a s  p i c k e d  u p  u s i n g  a  
m i c r o m a n i p u l a t o r ,  t r a n s f e r r e d  o n t o  a n o t h e r  Y E S  p l a t e ,  a n d  i n c u b a t e d  a t  3 6 ° C  f o r  2  d a y s  b e f o r e  
o b s e r v a t i o n .  M i c r o c o l o n i e s  c o m p r i s i n g  2 - 1 6  c e l l s  w e r e  f o r m e d .  B a r  i n d i c a t e s  5  ) J m .  
3 . 7  C D K  m o d u l a t i o n  s u p p r e s s e s  m c b f
s  
m u t a n t s  
T o  b e t t e r  u n d e r s t a n d  t h e  d e f e c t s  o f  t h e  m c b l L 2 5 4 P  m u t a n t ,  a  s c r e e n  f o r  s p o n t a n e o u s  s u p p r e s s o r s  o f  
t h e  m c b l L 2 5 4 P  m u t a n t  a b l e  t o  g r o w  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  w a s  c o n d u c t e d .  T h r e e  i n d e p e n d e n t  
s u p p r e s s o r s  t h a t  c o u l d  g r o w  e v e n  a t  3 4 ° C ,  h e n c e f o r t h  c a l l e d  s u p p r e s s o r s  # X ,  # Y  a n d  # Z ,  w e r e  i s o l a t e d  
( F i g .  3 - 1 0 A ) .  I n  a d d i t i o n  t o  t h e i r  a b i l i t y  t o  s u p p o r t  c e l l  g r o w t h  a t  a  h i g h  t e m p e r a t u r e ,  s u p p r e s s o r s  # X  a n d  
# Y  s h o w e d  c o l d - s e n s i t i v e  p h e n o t y p e s  a t  2 0 ° C ,  b u t  s u p p r e s s o r  # Z  d i d  n o t  ( F i g .  3 - l 0 A ) .  T o  s e a r c h  f o r  t h e  
r e s p o n s i b l e  g e n e ,  m u l t i - c o p y  p l a s m  i d s  w e r e  i s o l a t e d  b y  c o m p l e m e n t a t i o n  f o r  t h e s e  c o l d - s e n s i t i v e  d e f e c t s  
a n d  t e m p e r a t u r e - r e s i s t a n t  e f f e c t s  i n  s u p p r e s s o r s  # X  a n d  # Y  u s i n g  t h e  f i s s i o n  y e a s t  g e n o m i c  l i b r a r y .  T h e  
s e q u e n c i n g  o f  t h e  c l o n e s  i s o l a t e d  f r o m  t h e  g e n o m i c  l i b r a r y  r e v e a l e d  t h e  p r e s e n c e  o f  t h e  s a m e  g e n e ,  d e d l + ,  
o n  e a c h  p l a s m i d  ( F i g .  3 - l 0 B ) .  D e d  1  i s  a  g e n e r a l  t r a n s l a t i o n  f a c t o r  t h a t  i s  f u n c t i o n a l l y  h o m o l o g o u s  t o  
R N A  h e l i c a s e s  f r o m  b u d d i n g  y e a s t  a n d  D r o s o p h i l a .  A  d e d l +  g e n e  w a s  c h a r a c t e r i z e d  a s  s u m 3 - ' - ,  m o c 2 +  o r  
s l h 3 +  i n  i n d e p e n d e n t  s t u d i e s  ( F o r b e s  e t  a I . ,  1 9 9 8 ;  G r a l l e r t  e t  a I . ,  2 0 0 0 ;  K a w a m u k a i ,  1 9 9 9 ) .  T h e  d e d l +  
4 8  
l o c u s  o f  s u p p r e s s o r s  # X  a n d  # Y  w a s  a m p l i f i e d  b y  P C R  a n d  s e q u e n c e d ,  a n d  m u t a t i o n s  i n  t h e  d e d i  g e n e s  
w e r e  d e t e c t e d  i n  b o t h  s u p p r e s s o r s ,  i n d i c a t i n g  t h a t  m u t a t i o n s  i n  t h e  d e d i  g e n e s  a r e  r e s p o n s i b l e  f o r  b o t h  
s u p p r e s s o r s .  B o t h  s u p p r e s s o r s  c o n t a i n  a  s i n g l e  a m i n o  a c i d  c h a n g e  i n  t h e  d e d i  g e n e  ( F i g .  3 - 1 0 C ) .  
S u p p r e s s o r  # X  c o n t a i n e d  a n  a l a n i n e  ( A )  t o  s e r i n e  ( S )  m u t a t i o n  a t  p o s i t i o n  4 9 0  ( A 4 9 0 S ) ,  a n d  s u p p r e s s o r  
# Y  c o n t a i n e d  a n  i s o l e u c i n e  ( I )  t o  t h r e o n i n e  ( T )  m u t a t i o n  a t  p o s i t i o n  4 0 4  ( I 4 0 4 T ) .  D e d I  i s  a n  A T P -
d e p e n d e n t  R N A  h e l i c a s e ,  t h e  s e q u e n c e  o f  w h i c h  c o n t a i n s  o v e r l a p p e d  D N A  m o t i f s  s u c h  a s  t h e  D E A D - b o x  
h e l i c a s e ,  t h e  D E A D - l i k e  h e l i c a s e  s u p e r f a m i l y  ( D E X D c ) ,  a n d  t h e  h e l i c a s e  s u p e r f a m i l y  C - t e r m i n a l  d o m a i n  
( H E L I C c ) .  B o t h  m u t a t i o n s  a r e  l o c a t e d  w i t h i n  t h e  p u t a t i v e  H E L I C c  m o t i f .  
O n e  o f  t h e  f e a t u r e s  o f  D e d  1  i s  i t s  i n f l u e n c e  o n  B - t y p e  c y c l i n  C i g 2  e x p r e s s i o n .  I t  i s  r e p o r t e d  t h a t  
d e d i  m u t a n t s  r e d u c e  t h e  t r a n s l a t i o n  o f  C i g 2  a n d  s u p p r e s s  d e f e c t s  i n  p r e - R C  f o r m a t i o n  d u r i n g  D N A  
r e p l i c a t i o n .  C o n s e q u e n t l y ,  i n c r e a s e d  e x p r e s s i o n  o f  C i g 2  p r e v e n t s  t h e  d e d i  m u t a n t s  f r o m  s u p p r e s s i n g  s u c h  
d e f e c t s ,  a n d  d e l e t i o n  o f  t h e  c i g 2 +  g e n e  ( c i g 2 L 1 )  s u p p r e s s e s  m u t a n t s  t h a t  s h o w  d e f e c t s  i n  p r e - R C  f o r m a t i o n  
( G r a l l e r t  e t  a l . ,  2 0 0 0 ;  M a k i  e t  a l . ,  2 0 1 1 ;  M o n d e s e r t  e t  a I . ,  1 9 9 6 ;  Y a m a d a  e t  a l . ,  2 0 0 4 ) .  I n d e e d ,  t h e  
i n t r o d u c t i o n  o f  a  m u l t i - c o p y  p l a s m i d  o v e r e x p r e s s i n g  c i g 2 " ' - r e s t o r e d  t h e  t e m p e r a t u r e  s e n s i t i v i t y  o f  
s u p p r e s s o r s  # X  a n d  # Y  ( F i g .  3 - 1 0 D ) .  F U l t h e r m o r e ,  d o u b l e  m u t a n t s  o f  m c b i L 2 5 4 P  a n d  c i g 2 L 1  g r e w  w e l l  a t  
3 2 ° C  ( F i g .  3 - 1  O E ) .  
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( B )  
M u t a n t  
n d a I - 3 7 6  ( M c m 2 )  
c d c  1  9 - P I  ( M c m 2 )  
c d c 2 I - M 6 8  ( M c m 4 )  
m i s 5 - 2 8  ( M c m 6 )  
P r e - R C  
s a p I - t s 4 8  
o r p 5 - H I 9  
o r p I - H 5  
s a p l - t s I  
c d c  1  8 - K 4 6  
s a p I - t s 2 7  
h s k l - J 3 I 2  
n d a 4 - 1 0 8  ( M c m 5 )  
m c m I O - 5  
g o a l - U 5 3  ( C d c 4 5 )  
P r e - I C  
h s k I - 8 9  
s n a 4 I - 9 2 8  ( C d c 4 5 )  
s l d 3 - I O  
c d c 2 - 3 3  
p s f 3 - l  
( C )  
Q . .  
~ v e c t o r  
. . . J  
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~ p m c m S +  
( D )  
v e c t o r  
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~ +  
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' - l  
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p m c m ' T  
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E f f e c t  
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+ + +  
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+ +  
+ + +  
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s w i 7 - H 4  ( P o l a )  
+  
+ + +  
p o l a - t s  1 3  
+  
+ +  
c d c 2 0 - M  1 0  ( P O l E )  
-
+ +  
s w i 3 L l  
+ + +  
F P C  
+ +  
s w i l  L l  
+ + +  
+  
r a d 3 L l  + + +  
-
c h k I L l  + + +  
C h e c k p o i n t  
-
c d s I  L l  
-
+ + +  
m r c I  L l  
-
+ + +  
m i s 4 - 2 4 2  
+  
+ + +  
c d c l 7 - K 4 2  
-
O t h e r s  
+  
e s o I - H I 7  
-
-
o r p 5 - H 3 7  
-
-
-
-
-
F I G U R E  3 - 9 .  G e n e t i c  i n t e r a c t i o n  b e t w e e n  m c b l +  a n d  t h e  D N A  r e p l i c a t i o n  c o m p o n e n t s .  
( A ) ,  G r o w t h  o f  d o u b l e  m u t a n t s .  F i v e - f o l d  s e r i a l  d i l u t i o n s  o f  c e l l s  w i t h  t h e  i n d i c a t e d  g e n o t y p e s  w e r e  
s p o t t e d  o n t o  Y E S  p l a t e s  a n d  i n c u b a t e d  a t  t h e  i n d i c a t e d  t e m p e r a t u r e s .  T h e  a l l e l e s  u s e d  w e r e  m c b  l L 2 5 4 P ,  
c d c 1 9 - P  I l m c m 2 ,  s w i 7 - H 4  ( P o l u )  a n d  s l d 3 - 1 0 .  T h e  m c b l L 2 5 4 P  s h o w e d  s t r o n g  s y n t h e t i c  d e f e c t s  w i t h  c d c 1 9 -
5 0  
P 1, and its level was marked as ++; mcblL254P showed weak synthetic defects with swi7-H4, and its level 
was marked as +; mcbl L254P showed no or little synthetic defect with sld3-10, and its level was marked as 
(B), Summary of the growth of the double mutants. The growth of the double mutants was examined as in 
(A). ++, strong synthetic defects; +, weak synthetic defects; -, no synthetic defects. 
(C), Gene-dosage suppression of the temperature sensitivity of mcbl L254P cells. Aliquots of mcblL254P 
leul-32 cells harboring the pTN-Ll-rad2C (negative control), pTN-L1-mcbl+, or pTN-L1-mcm5T were 
spotted onto EMM plates after 5-fold serial dilution and incubated at permissive (25°C) or restrictive 
(34°C and 36°C) temperatures. 
(D), Gene-dosage suppression of the temperature sensitivity of mcblL254P by other components of the 
MCM complex. Aliquots of mcblL254P cells harboring the pTN-L1-rad20 (negative control), pTN-Ll-
mcm2+, -mcm3+, -mcm4+, -mcm5T , -mcmC, or -mcm 7T were spotted onto EMM plates (after five-fold 
serial dilution) and incubated at the indicated temperatures. In addition to the mcm5 plasmid, plasmids 
expressing mcmC or mcmT showed weak suppression of the temperature sensitivity of mcbl L254P cells. 
Cig2 promotes the onset of S-phase by activating CDK (Mondesert et aI., 1996; Morgan, 2007). 
By contrast, Rum 1 inhibits the CDK activity of the Cdc2 kinase, thereby inhibiting Start in the G 1 phase 
(Benito et al., 1998; Labib et al., 1995; Martin-Castellanos and Moreno, 1996). As Cig2 repression results 
in the suppression of the temperature-sensitive phenotype of the mcb lL254P mutant, the effect of Rum 1 
overexpression was tested. As shown in Fig. 3-1 OF, overexpression of Rum 1 resulted in the suppression 
of the temperature-sensitive phenotype of the mcblL254P mutant at 32°C. CDK modulation by Cig2 and 
Rum 1 suppresses defects caused by mutations in pre-RC components (Fig. 3-11). This suppression is 
specific for pre-RC formation during S-phase, as mutations in pre-IC components are not suppressed by 
CDK modulation (JaUepalli et al., 1997; Lopez-Girona et al., 1998; Yamada et aI., 2004). A possible 
explanation is that an extended G 1 phase upon transient inhibition of CDK provides time to assemble the 
pre-RC in mutants that show defects in pre-RC formation (Mondesert, 1996). 
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F I G U R E  3 - 1 0 .  T h e  d e d I  a l l e l e s  s p e c i f i c a l l y  s u p p r e s s  t h e  t e m p e r a t u r e - s e n s i t i v e  p h e n o t y p e  o f  t h e  
m c b I L 2 5 4 P  m u t a n t .  
5 2  
(A), Isolation of spontaneous suppressors of the mcbIL254P mutant. Five-fold serial dilutions of cells with 
the indicated genotypes, including the three spontaneous suppressors of mcb I L254P (suppressor #X, #Y and 
#Z), were spotted onto YES plates and incubated at the indicated temperatures. Suppressors #X and #Y 
suppressed both the temperature-sensitive phenotype of mcbIL254P cells and the additional cold-sensitive 
phenotypes. 
(B), A multi-copy plasmid expressing the dediT gene suppressed the cold-sensitivity of suppressor #X 
and #Y. Aliquots of WT, suppressor #X and #Y cells harboring the pTN-L l-rad2() (negative control) and 
pTN-Ll-dedI+ were spotted on EMM plates (after 5-fold serial dilution) and incubated at the indicated 
tern peratures. 
(C), Schematic representation of the dedI· Isum3 Imoc2 Islh3 gene. A DEAD-box helicase domain 
(171-393 a.a.), a DEXDc (DEAD-like helicase superfamily) domain (184-407 a.a.) and HELICe 
(helicase superfamily c-terminal) domain (403-533 a.a.) are indicated by lines. The positions of the 
mutated sites in suppressor #X (S 1: A490S) and #Y (S2: 1404T) are indicated. 
(D), The episomal expression of the cig2+ gene reversed the effect of the dedI mutant. Aliquots of WT, 
suppressor #X, #Y and #Z cells harboring the pREP41 vector and pREP41-cig2+ were spotted onto EMM 
plates (after 5-fold serial dilution) and incubated at the indicated temperatures. 
(E), Deletion of the cig2 gene rescues the temperature-sensitive phenotype of the mcbIL254P mutant. Five-
fold serial dilutions of wild-type, cig2L1, mcbIL254P_5Flag and mcbI L254P-5Flag cig2L1 cells were spotted 
on YES medium and incubated at 25°C and 32°C for 3-6 days. A mcblL254P and cig2L1 double mutant 
grew even at 32°C. 
(F), A multi-copy plasmid expressing the rumI+ gene can suppress the temperature sensitivity of 
mcblL254P. Aliquots of mcblL254P cells harboring the pTN-Ll-rad2() (negative control) and pTN-Ll-
ruml+ were spotted onto EMM plates (after 5-fold serial dilution) and incubated at the indicated 
temperatures. Introduction of a multi-copy plasmid expressing ruml+ partially suppressed the 
temperature-sensitive phenotype of mcbIL254P at both 30°C and 32°C. 
As shown in Fig. 3-12A, introduction plasmid expressing Cdtl, but not Cdc 18, could partially 
suppress the temperature sensitivity phenotype of mcb IL254P. Both proteins are involved in the loading of 
MCM complexes onto replication origins. However, interaction to Cdtl was indispensable for MCM 
complex recruitment onto chromatins (Fig. 3-12A). All of these genetic results strongly indicate that the 
mcblL254P mutant has some defects in pre-RC formation, suggesting that Mcbl has an important function 
in pre-RC formation. 
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F I G U R E  3 - 1 1 .  T y p i c a l  s u p p r e s s i o n  o f  p r e - R C  m u t a n t s  b y  C D K  m o d u l a t i o n .  
M a n y  m u t a n t s  o f  t h e  p r e - R C  g e n e s ,  s u c h  a s  c d c l 9 - P  l l m c m 2 ,  n d a l - 3 7 6 I m c m 2 ,  c d c l 8 - K 4 6 ,  c d c 2 l -
M 6 8 1m c m 4 ,  m i s 5 - 2 6 8 I m c m 6 ,  a n d  o r p l - 4 I o r c l ,  c a n  b e  s u p p r e s s e d  s p e c i f i c a l l y  b y  m o d u l a t i o n  o f  C D K  
a c t i v i t y ,  w h i c h  i s  c a u s e d  b y  c i g 2 L 1  a n d  o v e r e x p r e s s i o n  o f  r u m l - .  C D K  m o d u l a t i o n  d o e s  n o t  h a v e  a n y  
e f f e c t  o n  m u t a t i o n s  a t  t h e  o t h e r  s t a g e s  o f  r e p l i c a t i o n .  
A s  s u p p r e s s o r  # Z  d i d  n o t  s h o w  a n y  a d d i t i o n a l  p h e n o t y p e  ( F i g .  3 - 1  O A ) ,  w h o l e - g e n o m e  s e q u e n c i n g  
w a s  p e r f o r m e d  a n d  t h e  r e s u l t  s h o w e d  t h a t  t h e  g e n o m i c  r e g i o n  c o n t a i n i n g  t h e  m c m 5 +  g e n e  w a s  t r i p l i c a t e d ,  
a s  c o n f i r m e d  b y  r e a l - t i m e  P C R  ( F i g .  3 - 1 2 B ) .  T h i s  f i n d i n g  i s  c o n s i s t e n t  w i t h  g e n e - d o s a g e  s u p p r e s s i o n  o f  
t h e  t e m p e r a t u r e  s e n s i t i v i t y  o f  m c b l L 2 5 4 P  b y  t h e  m c m 5 +  p l a s m i d  ( F i g .  3 - 9 C ) .  T h e s e  r e s u l t s  f u r t h e r  
s t r e n g t h e n  t h e  t i g h t  g e n e t i c  l i n k  b e t w e e n  m c b l +  a n d  m c m 5 +.  
A d d i t i o n a l l y ,  w e  f o u n d  t h a t  t h e  m c b l L 2 54P  m u t a t i o n  p a r t i a l l y  r e s c u e d  t h e  H U  s e n s i t i v i t y  o f  c d s l  L 1  
( F i g .  3 - 1 2 C ) .  M u t a t i o n s  i n  t h e  M C M  h e l i c a s e  s u p p r e s s  t h e  H U  s e n s i t i v i t y  o f  r e p l i c a t i o n  c h e c k p o i n t  
m u t a n t s  ( N i t a n i  e t  a l . ,  2 0 0 6 ) .  T h e  H U  s e n s i t i v i t y  o f  c d s l  L 1  c o u l d  b e  s u p p r e s s e d  b y  c d c l 9 - P  1  ( M c m 2 ) .  T h e  
c d c l 9  m u t a t i o n  d e c r e a s e s  e x p r e s s i o n  l e v e l s  o f  M c m 2  a n d  i m p a i r s  i n t e r a c t i o n  b e t w e e n  M C M  s u b u n i t s  
e v e n  a t  a  n o n r e s t r i c t i v e  t e m p e r a t u r e  o f  2 5 ° C  ( S h e r m a n  e t  a l . ,  1 9 9 8 ) .  T h u s ,  u n s t a b l e  r e p l i c a t i o n  m a c h i n e r y  
f o r m e d  i n  c d c l 9  c e l l s  m a y  c a u s e  d e f e c t s  d u r i n g  D N A  r e p l i c a t i o n .  T h e  p h e n o t y p e  s i m i l a r i t y  b e t w e e n  
c d c l 9 - P  l a n d  m c b l
L 2 54P  
i n d i c a t e d  t h e  i n v o l v e m e n t  o f  M c b  1  t o  s u p p O l i  t h e  i n t e g r i t y  o f  M C M  c o m p l e x .  
5 4  
3 . 8  A c c u m  u l a t i o n  o f  R h p 5 4  n u c l e a r  f o c i  i n  m c b l
L 2 5 4 P  
c e l l s  
F o l l o w i n g  a c t i v a t i o n  o f  t h e  D N A  d a m a g e  r e s p o n s e ,  D N A  r e p a i r  t a k e s  p l a c e .  H R  i s  t h e  m a j o r  
p a t h w a y  f o r  t h e  r e p a i r  o f  D S B s .  I n  t h i s  p a t h w a y ,  R a d S 2  i s  r e c r u i t e d  t o  s i t e s  o f  D N A  d a m a g e ,  w h e r e  i t  
m e d i a t e s  R a d S l  f i l a m e n t  f o r m a t i o n  o n  t h e  s i n g l e  s t r a n d e d  t a i l  o f  t h e  D S B s .  T h e n ,  R a d S l  p e r f o r m s  a  
h o m o l o g y  s e a r c h  f o l l o w e d  b y  D N A  s t r a n d  e x c h a n g e  w i t h  t h e  d o n o r  s t r a n d ,  a  p r o c e s s  m e d i a t e d  b y  
R a d S 4 / R h p S 4  ( M a k i  e t  a I . ,  2 0 1 1 ) .  
I t  w a s  r e c e n t l y  r e p o r t e d  t h a t  a n  a b u n d a n c e  o f  p r e - R C s  i s  i m p 0 l 1 a n t  f o r  t h e  l a t e  s t e p  o f  
r e c o m b i n a t i o n ,  i n  w h i c h  R h p S 4  f u n c t i o n s  ( M a k i  e t  a I . ,  2 0 1 1 ) .  A  l i n k  b e t w e e n  t h e  p r e - R C  a n d  t h e  l a t e  s t e p  
o f  r e c o m b i n a t i o n  w a s  s u p p o r t e d  b y  t h e  f i n d i n g  t h a t  t h e  c d c 1 8 - K 4 6  a n d  m c m 6 - S 1  m u t a n t s  w e r e  
h y p e r s e n s i t i v e  t o  M M S  a n d  C P T ,  a n d  t h a t  t h e  f r a c t i o n  o f  c e l l s  e x h i b i t i n g  R h p S 4  f o c i  r e m a i n e d  l a r g e ,  e v e n  
a f t e r  r e l e a s e  f r o m  M M S  t r e a t m e n t ,  i n  b o t h  m u t a n t s .  
( A )  
2 5 ° C  
2 8 ° C  
~ 
c  
e  
~ 
: c  
E o -
I  
~ 
. 5  
e  
~ 
: c  
E o -
+  
( B )  
( C )  
2 . 0  
1 . 5 3  
0 . 0  
m c b l L 2 5 4 P  m c b l L 2 5 4 P  +  Z  
3 0 ° C  
3 2 ° C  3 4 ° C  
O m M H U  
. . . . .  ~ 
• • • • .  ~ *  
• • • • • •  
. . . . .  ~ 
2 m M H U  
• • • •  e .  
• • •  ~tA·$' 
.  ~~ .  
.O. ~~ .  
v e c t o r  
I  p c d t 1 +  
I  p c d c l S +  
v e c t o r  
I  p c d t 1 +  
I  p c d c l S +  
W T  
c d c 1 9 - P l  
c d s l 1 1  
c d c 1 9 - P l  c d s l 1 1  
"  W T  
• • • • • •  1.  f f ,  
. . . . .  ~ . . .  ( :  
. . . . .  ~ 
. . . . .  ~ 
• • • • •  - $  
• • • • • •  
• • • • • •  
• • • • •  a .  
•  I I >  .  
•  ( I  ,~~ 
m c b l
L 2 5 4 P  
c d s l 1 1  
m c b l L 2 5 4 P  c d s l 1 1  
W T  
m c b l  
Ic d s l 1 1  
, m c b l  c d s l 1 1  
F I G U R E  3 - 1 2 .  G e n e t i c  i n t e r a c t i o n  o f  m c b l L 2 5 4 P  a n d  p r e - R C  c o m p o n e n t s .  
( A ) ,  O v e r e x p r e s s i o n  o f  C d t l  c o u l d  p a r t i a l l y  s u p p r e s s  t h e  t e m p e r a t u r e  s e n s i t i v i t y  o f  m c b l
L 2 5 4 P
.  A l i q u o t s  o f  
m c b l
L 2 5 4 P  
c e l l s  h a r b o r i n g  p S L F 1 7 3 L  v e c t o r  a n d  p S L F - C d t l  o r  - C d c l 8  w e r e  s p o t t e d  o n t o  E M M  p l a t e s  
s u p p l e m e n t e d  ( o r  n o t )  w i t h  S  ~m t h i a m i n e  ( a f t e r  S - f o l d  s e r i a l  d i l u t i o n )  a n d  i n c u b a t e d  a t  2 S - 3 4 C  f o r  3 - 6  
d a y s .  
5 5  
( B ) ,  S u p p r e s s o r # Z  c o n t a i n s  2  a d d i t i o n a l  c o p i e s  o f  m c m 5 +.  T h e  c o p y  n u m b e r  o f  m c m 5  i n  s u p p r e s s o r # Z  
w a s  c o m p a r e d  t o  m c b l L 2 5 4 P  u s i n g  r e a l - t i m e  P C R .  T h e  d a t a  r e p r e s e n t  t h e  r e l a t i v e  r e c o v e r y  o f  m c m 5
T  
n o r m a l i z e d  a g a i n s t  a r s 2 0 0 4  s t a n d a r d .  
( C ) ,  T h e  m c b l L 2 5 4 P  m u t a t i o n  p a r t i a l l y  r e s c u e d  t h e  H U  s e n s i t i v i t y  o f  c d s  1  f J . .  A l i q u o t s  o f  W T ,  c d c 1 9 - P  1 ,  
c d c s l t 1 ,  m c b l L 2 5 4 P ,  m c b l ,  m c b l L 2 5 4 P  c d s l f J . ,  m c b l  c d s l f J .  a n d  c d c 1 9 - P l  c d s l f J .  c e l l s  w e r e  s e r i a l l y  d i l u t e d  5 -
f o l d  a n d  s p o t t e d  o n  Y E S  m e d i u m  c o n t a i n i n g  2  m M  H U  o r  n o t  a n d  i n c u b a t e d  a t  2 5 C  f o r  3 - 6  d a y s .  
T h e  m c b l L 2 5 4 P  m u t a n t  w a s  s e n s i t i v e  t o  M M S  a n d  C P T  ( F i g .  3 - 5 C ) .  A l t h o u g h M M S - i n d u c e d  C h k l  
a c t i v a t i o n  a n d  R a d 2 2  ( f i s s i o n  y e a s t  R a d 5 2  o r t h o l o g )  f o c u s  f o r m a t i o n  o c c u r r e d  n o r m a l l y  ( F i g .  3 - 1 3 A ,  3 -
1 3 B  a n d  3 - 1 3 C ) ,  t h e  n u m b e r  o f  c e l l s  e x h i b i t i n g  R h p 5 4  f o c i  a f t e r  r e l e a s e  f r o m  M M S  t r e a t m e n t  i n c r e a s e d  
i n  t h e  m c b l L 2 5 4 P  m u t a n t  t o  a  l e v e l  s i m i l a r  t o  t h a t  o b s e r v e d  i n  t h e  c d c 1 8 - K 4 6  a n d  m c m 6 - S 1  m u t a n t s  ( 8 . 2 2 0 / 0  
o f  m c b l L 2 5 4 P  c o m p a r e d  t o  2 . 8 2 %  o f  w t  m c b l  a t  2 5 ° C  a n d  1 0 . 8 4 %  o f  m c b l L 2 5 4 P  c o m p a r e d  t o  3 . 9 9 0 / 0  o f  w t  
m c b l  a t  3 0 ° C )  ( F i g .  3 - 1 4 ) .  I n  a d d i t i o n ,  w i t h o u t  M M S  t r e a t m e n t ,  s m a l l  p e r c e n t a g e  o f  m c b l L 2 5 4 P  c e l l s  
e x h i b i t  s m a l l  p e r c e n t a g e  ( 0 . 8 3 % )  o f  c e l l s  c o n t a i n i n g  ~3 R h p 5 4  n u c l e a r  f o c i ,  i n d i c a t i n g  t h e  o c c u r r e n c e  o f  
s p o n t a n e o u s  D N A  d a m a g e  i n  t h e s e  c e l l s .  T h e s e  r e s u l t s  s u p p o r t  t h e  i d e a  t h a t  t h e r e  a r e  d e f e c t s  i n  p r e - R C  
l e v e l s  i n  t h e  m c b l L 2 5 4 P  m u t a n t .  
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F I G U R E  3 - 1 3 .  C h k 1  a c t i v a t i o n  a n d  f o r m a t i o n  o f  R a d 2 2  r e p a i r  f o c i  i n  t h e  m c b l L 2 5 4 P  m u t a n t .  
( A ) ,  C h k 1  p h o s p h o r y l a t i o n .  C e l l  e x t r a c t s  w e r e  p r e p a r e d  f r o m  m c b l - 5 F l a g  a n d  m c b l
L 2 5 4 P
- 5 F l a g  c e l l s  
e x p r e s s i n g  H A - t a g g e d  C h k l  b o t h  b e f o r e  a n d  a f t e r  t r e a t m e n t  w i t h  0 . 0 1  % M M S  f o r  4  h .  C e l l  e x t r a c t s  w e r e  
5 6  
separated on 8% SOS-PAGE gels and blotted for Chkl-3HA with an anti-HA antibody. The blot was also 
stained with Coomassie brilliant blue. Western blotting was done by Sabrina Martha. 
(B), Formation of Rad22-YFP foci. Wild-type, mcbl-5Flag and mcbl L254P-5Flag cells expressing Rad22-
YFP were treated with 0.01 % MMS for 4 h, washed with 10% sodium thiosulfate to neutralize MMS, and 
released into MMS-free EMM medium. Representative images at each experimental step are shown. 
(C), The percentage of cells with ~3 YFP foci at 30°C is shown. At least 200 Rad22-YFP expressing cells 
per experiment were observed and counted. The data represent the average ± SO (n=3). 
3.9 The mcblts mutants show defects in S-phase progression 
Based on the genetic observations described above, the defects in DNA replication were carefully 
examined in mcbl L254P cells. To define the role of the Mcb 1 protein during DNA replication, S-phase 
progression was examined in mcblL254P cells. The nda3-KM311 mcbl-5Flag and nda3-KM311 mcbl L254P_ 
5Flag cells were synchronized in M phase and then released either at 28°C or 36°C (block and release by 
the nda3-KM311 mutant). The DNA content, as analyzed by F ACS, showed that S-phase progression in 
mcblL254P_5Flag cells was slightly but reproducibly delayed relative to that in mcbl-5Flag cells both at 
28°C and 36°C (Fig. 3-15A and 3-15B). It appears that the progression of S phase, once initiated, did not 
differ much at 28°C and 36°C. Thus, it is possible that mcblL254P mutation more specifically affects 
initiation stage of S phase. 
Furthermore, to follow the progression of S-phase, the septation index of these cells was 
monitored as described in Fig. 3-15A and 3-15B. The peak of the septation index in fission yeast 
coincides with S-phase during cell cycle progression. The mcblL254P_5Flag cells had a much lower 
septation index than mcbl-5Flag cells (Fig. 3-15C and 3-150). At the permissive temperature, the 
septation index ofmcbl-5Flag cells peaked 40 min after release (76.9%) and rapidly decreased afterward, 
indicating that S-phase progression was normal. The septation index of mcb lL254P -5Flag cells also peaked 
at 40 min, but the peak was only 32.5% (Fig. 3-15C). From the profile shown in Fig. 3-15C, S-phase 
progression in mcblL254P-5Flag cells seemed to continue until much later, up to 120 min after release 
(16.2% in mcblL254P_5Flag cells compared with 3.2% in mcbl-5Flag cells). When the release temperature 
was shifted to 36°C, the cell cycle progression of mcb 1-5Flag cells became faster, and the septation index 
peaked 20 min after release (63.1 %) (Fig. 3-150). Release at the restrictive temperature did not result in 
any significant differences in the F ACS profile compared with release at the permissive temperature (Fig. 
3-15A and 3-15B); however, the septation index profile of mcbl L254P-5Flag cells barely changed, peaking 
at 40 min (30.6%) and continuing until 120 min after release (16.30/0) (Fig. 3-150). While the possibility 
that mcb lL254P mutant cells show defects in release from M phase arrest can not be ruled out, these results 
strongly suggest a defect in S-phase progression. 
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Y l t j L J K E  . j - 1 4 .  I n e  m C / H - - - · - m u t a t I o n  a c c u m u l a t e s  c e l i s  c o n t a m m g  Knp~4-tjJ:11' t O C I  a l t e r  IVllVl~ 
t r e a t m e n t .  
( A ) ,  W i l d - t y p e ,  m c m 6 - S 1 ,  c d c 1 8 - K 4 6 ,  m c b l - 5 F l a g  a n d  m c b l L 2 5 4 P - 5 F l a g  c e l l s  e x p r e s s i n g  R h p 5 4 - G F P  
g r o w n  i n  Y E S  m e d i u m  a t  2 5 ° C  w e r e  t r e a t e d  w i t h  0 . 0 1  %  M M S  f o r  4  h ,  w a s h e d  w i t h  1 0 0 / 0  s o d i u m  
t h i o s u l f a t e  t o  n e u t r a l i z e  t h e  M M S ,  a n d  r e l e a s e d  i n t o  M M S - f r e e  Y E S  m e d i u m .  A f t e r  r e l e a s e ,  i n c u b a t i o n  
w a s  c o n t i n u e d  f o r  1 8  h .  I m a g e s  o f  w i l d - t y p e ,  m c m 6 - S 1 ,  m c b l ,  m c b l
L 2 5 4 P  
a n d  c d c 1 8 - K 4 6  c e l l s  e x p r e s s i n g  
R h p 5 4 - G F P  a t  2 5 ° C .  
( B ) ,  T h e  c e l l s  w e r e  g r o w n  s i m i l a r l y  a s  d e s c r i b e d  i n  ( A ) ,  e x c e p t  t h a t  t h e  g r o w t h  t e m p e r a t u r e s  a r e  3 0 ° C  o r  
3 3 ° C .  I m a g e s  o f  w i l d - t y p e ,  m c m 6 - S 1 ,  m c b l ,  m c b l
L 2 5 4
. P  a n d  c d c 1 8 - K 4 6  c e l l s  e x p r e s s i n g  R h p 5 4 - G F P  a t  
3 0 ° C  o r  3 3 ° C .  
( C ) ,  P e r c e n t a g e  o f  c e l l s  · w i t h  ; : d  G F P  f o c i  a t  2 5 ° C .  A t  l e a s t  2 0 0  R h p 5 4 - G F P - e x p r e s s i n g  c e l l s  w e r e  
o b s e r v e d  a n d  c o u n t e d  p e r  e x p e r i m e n t .  T h e  d a t a  r e p r e s e n t  t h e  a v e r a g e  ±  S D  ( n = 3 ) .  
L r 4 P  
( D ) ,  m c b  1 - 5 F l a g  a n d  m c b  1  )  - 5 F l a g  c e l l s  e x p r e s s i n g  R h p 5 4 - G F P  g r o w n  a t  3 0 ° C  w e r e  t r e a t e d  a s  
d e s c r i b e d  i n  ( A ) .  P e r c e n t a g e  o f  r h p 5 4 - G F P  m c b l  a n d  r h p 5 4 - G F P  m c b l L 2 5 4 P  c e l l s  w i t h  ~3 G F P  f o c i  a t  
3 0 ° C  ( n = 3 ) .  
( E )  C e l l s  w e r e  t r e a t e d  a s  d e s c r i b e d  i n  ( A ) .  P e r c e n t a g e  o f  r h p 5 4 - G F P ,  r h p 5 4 - G F P  m c m 6 - S 1  a n d  r h p 5 4 -
G F P  c d c 1 8 - K 4 6  c e l l s  w i t h  ~3 G F P  f o c i  a t  3 3 ° C  ( n = 3 ) .  
T h u s ,  l o a d i n g  o f  M C M  p r o t e i n s  o n t o  t h e  r e p l i c a t i o n  o r i g i n s  d u r i n g  t h e  i n i t i a t i o n  o f  D N A  
r e p l i c a t i o n  w a s  i n v e s t i g a t e d  i n  m c b l L 2 5 4 P  m u t a n t s .  F o r  t h i s  p u r p o s e ,  c h r o m a t i n  i m m u n o p r e c i p i t a t i o n  
( C h I P )  a n a l y s i s  w a s  p e r f o r m e d  t o  m o n i t o r  t h e  c h r o m a t i n  b i n d i n g  o f  M c m 7 - 3 H A  t o  e a r l y  o r i g i n s  a r s 2 0 0 4  
a n d  a r s 3 0 0 2  a n d  l a t e  o r i g i n s  n o n - a r s l  a n d  A T 2 0 8 0 ,  b o t h  i n  m c b l - 5 F l a g  a n d  m c b l L 2 5 4 P - 5 F l a g  c e l l s .  T h e  
m c b l L 2 5 4 P  m u t a t i o n  m a r k e d l y  d e c r e a s e d  M c m 7 - 3 H A  b i n d i n g  t o  t h e  r e p l i c a t i o n  o r i g i n s  ( F i g .  3 - 1 5 E ,  G  a n d  
3 - 1 6 A ) .  A s  w e l l ,  R P A  b i n d i n g  o n t o  t h e  s i n g l e  s t r a n d  i n  m c b l L 2 5 4 P  D N A  s h o w e d  t h e  d e l a y e d  t e n d e n c y  
c o m p a r e d  t o  m c b l  ( F i g .  3 - 1 5 H ) .  T o  p r o v e  t h a t  m c b l L 2 5 4 P  m u t a t i o n  s p e c i f i c a l l y  a f f e c t s  M C M  p r o t e i n s  
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binding onto chromatin, the binding properties of Orc4 onto replication origin was investigated. As 
shown in Fig. 3-16B, the pattern ofOrc4 chromatin binding during early S phase is similar between mcbl 
and mcblL254P while the pattern of Mcm7 binding showed apparent decrease in mcblL254P (Fig. 3-16A), 
consistent with previous result. Similar delay in the cell cycle progression and decrement in Mcm7 
loading onto replication origin were also observed in mcblL254P cells (Fig. 3-16F). This result indicates 
that Mcb 1 function is' specifically important for the efficient loading of MCM complexes onto the 
replication origins. 
3.10 Proper establishment of sister chromatid cohesion is defective in mcblL254P mutants 
The loss of A. thaliana MCM-BP (ETG 1) or human MCM-BP leads to reduced sister chromatid 
cohesion in A. thaliana and humans, respectively (Takahashi et ai., 2008; Takahashi et ai., 2010). 
Therefore, cohesion defects were assessed in the mcbl L254P mutants. Sensitivity to the spindle poison drug 
TBZ is commonly found in mutants in which general sister chromatid cohesion and segregation is 
affected (Ansbach et ai., 2008; Tatebayashi et ai., 1998; Wang et ai., 2002). The mcblL254P cells showed 
sensitivity to TBZ at a semi-permissive temperature (30°C) (Fig. 3-17 A). After detecting this sensitivity, 
the relationship between mcblL254P and ctf18t1 was tested. Ctf18 associates with Rfc2, Rfc3, Rfc4 and 
Rfc5 to form an alternative RFCCtf18 complex. The RFCCtf18 complex shows PCNA loading and unloading 
activity and plays a role in sister chromatid cohesion (Bermudez et ai., 2003; Bylund and Burgers, 2005; 
Hanna et ai., 2001; Maradeo and Skibbens, 2010; Mayer et ai., 2001; Merkle et ai., 2003; Petronczki et 
ai., 2004). The ctf18t1 cells show a significant decrease in the HU-induced activity of Cds 1, and a 
significant delay in the resumption of DNA replication after fork arrest, indicating that Ctf18 is required 
to stabilize the replication fork during S-phase (Ansbach et ai., 2008). These results revealed that the 
mcblL254P and ctf18t1 double mutants show synthetic defects in sensitivity to TBZ (Fig. 3-17A), 
demonstrating the importance of Mcb 1 in sister chromatid cohesion. 
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FIGURE 3-15. S-phase progression is markedly affected in mcbl L254P cells. 
(A, B), Experimental scheme and DNA profi les. The nda3-KM311 mcbl-5Flag mcm 7-3HA and nda3-
KM311 mcbl L254 P_5Flag mcm 7-3HA cells were grown in YES medium at 28°C and then incubated at 
20°C for 4 h to induce arrest in M phase . Cells were released at 28°C (A) or 36°C (B) (time 0). Aliquots 
were harvested every 20 min up to 120 min and analyzed by flow cytometry. 
(C, D), Aliquots in (A) were monitored to assess the septation index. The values were calculated using ± 
200 ce lls per time point (n= 3 independent experiments). 
(E), Aliquots were harvested every 20 min up to 120 min and analyzed by ChIP assay using an anti-HA 
antibody against Mcm7-3HA. The loading of Mcm7-3HA onto ars2004 and non-ars l was then 
determined by real-time PCR. Data represent the average % IP/lnput ± SD (n=3). 
(F), Experimental scheme, DNA profi les and Mcm7-3HA load ing onto ars2004 and non-ars l of nda3-
KM311 mcbl -5Flag mcm 7-3HA of nda3-KM311 mcbl L363P-5Flag mcm 7-3HA cells grown and analyzed 
simi larly as (A-C), except that the initial growth temperature and release temperature were 25°C instead 
of 28°C. 
(G), DNA samples of (F) was then subjected to real-time PCR to determine the loading of Mcm7 onto 
ars3002 and AT2080. 
(H), Ali quots were analyzed by ChIP assay us ing RPA monoclonal anti body . RPA recruitment onto 
ars2004 and non-arsl was then determined by qPCR. The data represented the percentage of IP per input 
(n= l). 
To directly examine whether mcbl L254P cells show cohesion defects, a strain that has bacterial 
LacO tandem repeat sequences insel1ed into the lys locus, located in the vicinity of the centromere on 
chromosome 1, was used (Fig. 3-1 70). This strain is engineered to express the Lacl repressor fused to 
GFP-NLS, which is recruited to LacO repeat sequences, allowing the visual ization of centromere I via 
GFP fluorescence (Ansbach et al. , 2008 ; Ding et al., 2004). Prior observation showed that treatment with 
TBZ ( 100 /lg/ml) arrested cells in metaphase . In metaphase, the sister chromatids were still aligned with 
each other and centromere I was observed as a single GFP focus in wild-type (mcbl ~) cells (Fig. 3-17B, 
blue circle); however, the premature separation of sister chromatids gave rise to the appearance of two 
63 
G FP foci (separated centromere T; Fig. 3-17B, yellow circles). The mrcl11 and swil 11, which suffer from 
cohesion defects, were used as positive controls in this assay (Ansbach et al. , 2008; Xu et al. , 2004). As 
expected, mcbl L254P mutants showed more than twice as many cells with two GFP foci than wild-type 
cells (Fig. 3-17B and 3-1 7C). This result was quite similar to that observed with mrcl11 or swil 11, further 
confirming that Mcb 1 plays important roles in sister chromatid cohesion. 
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FIGURE 3-16. Mutation in mcblL254P specifically affect chromatin binding of MCM proteins. 
The nda3-KM311 mcbl-5Flag mcm 7-3HA and nda3-KM311 mcblL254P-5Flag mcm7-3HA cells were 
grown similarly as Fig. 3- 1SA. Cell aliquots of 0 and 20 min after release were subjected to chromatin 
immunoprecipitation by anti-HA antibody against Mcm7-3HA (A) or anti-Orc4 against Orc4. The 
loading of Mcm7-3HA or Orc4 onto ars2004 and non-arsl was then determined by real -time PCR. Data 
represent the average % IP/lnput ± SD (n=3). 
3.11 The mcbts mutations impair the interaction of Mcb1 with the MCM complex 
Judging from the phenotypes of the mcbts mutants described above, it is speculated that the 
interaction of Mcb 1 with the MCM complex was affected in the mcbts mutants. To test this possibility , 
MCM complex formation and the interaction between Mcb 1 and the MCM complex were examined in 
the mcb t s mutants. As expected, the interaction between the mutant Mcb 1 proteins (Mcb 1 L254 P and 
Mcb 1 L363P) and the MCM complex was markedly attenuated. Using the mcbl -5Flag, mcbl L254P-5Flag and 
mcbl L363P-5Flag strains , Mcb l -SFlag immunoprecipitation was performed at permissive (2S0C) and 
restrictive temperatures (36°C).Mcb l-SFlag immunoprecipitated all MCM proteins tested both at 2S oC 
and 36°C (Fig. 3-18A, lanes 6 and 14). The amount of Mcm2 co-precipitated with Mcb 1 was 
considerably less than that of other MCM proteins (Fig. 3-18A, lanes 6 and 14). The interaction between 
Mcb 1 and the MCM proteins was detectable in both mcblL254 P and mcbl L363 P cells, but was markedly 
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d e c r e a s e d ,  e v e n  a t  2 5 ° C  ( F i g .  3 - 1 8 A ,  l a n e s  7  a n d  8 ) .  T h e r e  w a s  n o  s i g n i f i c a n t  c h a n g e  i n  t h e  i n t e r a c t i o n  
b e t w e e n  M c b l  a n d  M C M s  i n  m c b l L 2 54P  o r  m c b l
L 3 63P  
c e l l s  a t  3 6 ° C  ( F i g .  3 - 1 8 A ,  l a n e s  1 5  a n d  1 6 ) .  
A s  s h o w n  e a r l i e r ,  M c b  1  i n t e r a c t e d  w i t h  a l l  t h e  s u b u n i t s  o f  t h e  M C M  c o m p l e x  i n  a  y e a s t  t w o -
h y b r i d  a s s a y  a n d  i n  a n  i n  v i t r o  p u l l - d o w n  a s s a y  ( F i g .  3 - 3 A  a n d  3 - 3 B ) .  H o w e v e r ,  t h i s  p r o p e r t y  o f M c b l  i s  
a f f e c t e d  i n  t h e  m c b l L 2 54P  a n d  m c b l
L 3 6 3 P  
m u t a n t s .  I n t e r e s t i n g l y ,  n e i t h e r  t h e  M c b l  L 2 5 4 P  n o r  M c b l  L 3 6 3 P  
p r o t e i n  c o u l d  i n t e r a c t  w i t h  a n y  o f  t h e  s u b u n i t s  o f  t h e  M C M  c o m p l e x  i n  t h e  y e a s t  t w o - h y b r i d  a s s a y  a n d  
p u l l - d o w n  a s s a y  ( F i g .  3 - 1 8 C  a n d  3 - 1 8 D ,  S a b r i n a  M a r t h a  t h e s i s ,  2 0 1 2 ) .  T h e s e  r e s u l t s  s u g g e s t  t h a t  t h e  
t e m p e r a t u r e - r e s t r i c t e d  p h e n o t y p e s  o f  t h e  m c b l
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m u t a n t s  a r e  n o t  s o l e l y  c a u s e d  b y  t h e  a l t e r e d  i n t e r a c t i o n  
b e t w e e n  t h e  M c b  1  a n d  M C M  p r o t e i n s .  
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( A ) ,  M c b l  i s  r e q u i r e d  f o r  c e l l u l a r  t o l e r a n c e  t o  t h e  m i c r o t u b u l e  d r u g  T B Z .  F i v e - f o l d  s e r i a l  d i l u t i o n s  o f  
w i l d - t y p e ,  m c b l - 5 F l a g ,  m c b l L 2 5 4 P - 5 F l a g  c t f 1 8 L 1 ,  a n d  c t f 1 8 L 1  m c b l L 2 5 4 P _ 5 F l a g  c e l l s  w e r e  s p o t t e d  o n t o  Y E S  
6 5  
m e d i u m  c o n t a i n i n g  1 5  ~g/ml T B Z  o r  D M S O  ( c o n t r o l )  a n d  i n c u b a t e d  a t  3 0 ° C  f o r  3 - 6  d a y s .  
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( C ) ,  Q u a n t i f i c a t i o n  o f  m e t a p h a s e  c e l l s  w i t h  t w o  O F P  f o c i  i s  s h o w n  i n  B .  A t  l e a s t  2 0 0  c e l l s  w e r e  c o u n t e d  
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3HA with an anti-HA antibody, or for Mcbl-5Flag with an anti-FLAG antibody. 
(B), The mcbl-5Flag mcm7-3HA and mcbl L254P-5Flag mcm7-3HA cells were grown in YES until mid-log 
phase at 25°C. Soluble lysates were prepared and subjected to gel filtration on a HiLoad Superdex 16/60 
200 pg column fitted to an AKTA micro™ system. Each fraction was immunoblotted for Mcm4 with an 
anti-Mcm4 antibody, for Mcm6 with an anti-Mcm6 antibody, for Mcm7-3HA with an anti-HA antibody, 
or for Mcb 1-5Flag with an anti-FLAG antibody. Arrows indicate the Mcm5 protein and stars indicate 
background signals. 
(C), Mcb 1 interacted with any of the individual MCM subunits, but Mcb 1 L254P did not. The interaction 
between bacterially expressed Mcb 1 ts mutant proteins and Mcm2. T7-His6-tagged Mcb 1 protein (T7-His6-
Mcbl), T7-His6-tagged McblL254P protein (T7-His6-McbIL254P), T7-His6-tagged Mcbl L363P protein (T7-
His6-Mcbl L363P), GST, and GST-tagged Mcm2 proteins were produced in E. coli. Purified GST or GST-
tagged Mcm2 proteins, which were specifically bound to glutathione sepharose, were mixed with soluble 
crude lysates of E. coli expressing T7-His6-Mcb 1, T7-His6-Mcb 1 L254P or T7-His6-Mcb 1 L363P protein, and 
subjected to pull-down by glutathione sepharose. GST pull-down samples were separated on 8% SDS-
PAGE gels and blotted for T7-His6-Mcbl, T7-His6-Mcb1L254P or T7-His6-Mcb1L363P with an anti-His6 
antibody and for GST derivatives with an anti-GST antibody. Complete analysis of the interaction 
between T7-His6-Mcbl, T7-His6-Mcb1L254P, and T7-His6-McblL363P to Mcm3-7 can be found in Sabrina 
Martha thesis. 
(D), Two-hybrid interaction between Mcb1 and Mcm2-7, or between Mcb1L254P and Mcm2-7. Ga14-
DBD-Mcb 1 or GaI4-DBD-Mcb 1 L254P in the AH 1 09 strain was tested for interaction with the GaI4-AD-
Mcm2-7 plasmid in the two-hybrid assay. The same images as those of Fig. 3-3A were used for vector 
and Mcb 1, and interactions were monitored as described in Fig. 3-3A. 
3.12 Localization of the MCM protein is compromised in mcblts mutants 
In fission yeast, Mcm2-7 proteins are constitutively localized in the nucleus throughout the cell 
cycle (Forsburg, 2004). Mutations that disrupt MCM complex formation, such as mcm4ts , cause all the 
MCM subunits to exit the nucleus (Pasion and Forsburg, 1999). Therefore, the effect of the mcbl+ gene 
mutations on the nuclear localization of Mcm2-7 proteins was studied. The localization of all the MCM 
complex subunits was observed in wild-type cells or mcbts mutants at both permissive and restrictive 
temperatures using GFP or RFP (GFP for Mcm2, 3, 4, 6 and 7; RFP for Mcm5) (Fig. 3-19A). Mcm2-GFP 
showed clear nuclear localization at 25°C in mcbl-5Flag, mcblL254P_5Flag and mcblL363P-5Flag cells; 
however, at the restrictive temperature (34°C), nuclear localization of Mcm2-GFP diminished and 
cytoplasmic staining increased in both mcblL254P-5Flag and mcblL363P-5Flag cells (Fig. 3-19A). Similar 
observations were made in mcblL254P-5Flag and mcbl L363P-5Flag cells using Mcm4-GFP, Mcm5-RFP, 
Mcm6-GFP and Mcm7-GFP, whereas Mcm3-GFP showed no real change (Fig. 3-19A). The GFP or RFP 
signals observed in mcb t s mutants at the restrictive temperature were not completely excluded from the 
nucleus, as there was residual signal in the nucleus. 
Afterward, it is necessary to test whether these phenotypes could be suppressed by a multi-copy 
plasmid containing mcm5 , which can partially suppress mcblts mutants as shown in Fig. 3-9C. Multi-
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(A), Mislocalization of Mcm2-7 proteins in mcbls mutants. Mcm2-GFP, mcm2-GFP mcblL254P-5Flag, 
mcm2-GFP mcblL363P_5Flag, mcm3-GFP, mcm3-GFP mcblL254P_5Flag, mcm3-GFP mcbl L363P-5Flag, 
mcm4-GFP, mcm4-GFP mcbl L254P-5Flag, mcm4-GFP mcblL363P-5Flag, mcm5-RFP, mcm5-RFP 
mcbl L254P-5Flag, mcm5-RFP mcbl L363P-5Flag, mcm6-GFP, mcm6-GFP mcblL254P_5Flag, mcm6-GFP 
mcbl L363P-5Flag, mcm7-GFP, mcm7-GFP mcbl L254P-5Flag, and mcm7-GFP mcblL363P-5Flag cells were 
grown in EMMSS medium until mid-log phase at 2SoC, and then shifted up to 34°C and incubated for 6 h 
prior to the observation of G FP or RFP signals under a microscope. Representative images of the cells are 
shown. The bar indicates S /-lm. 
(B), Gene-dosage suppression of Mcm2-GFP and Mcm6-GFP mislocalization in mcbts mutants by 
mcm5+. Mcm2-GFP mcblL254P-5Flag and mcm6-GFP mcbl L254P-5Flag cells harboring the pTN-Ll-
mcm5\ pTN-L I-mcbl+ (positive control) or pTN-L l-sum3+ (negative control) were grown at 2SoC in 
EMMSS-Leu medium until mid-log phase, and then shifted up to 34°C and incubated for 6 h prior to the 
observation of GFP signals under a microscope. Representative images of the cells were shown. Bar 
indicates S /-lm. 
(C), Mcm2-GFP and Mcm6-GFP localization in crml-llR mcblL254P mutant strains. Double mutant cells 
were grown in EMMSS medium until mid-log phase at 2SoC, and then shifted up to 34°C and incubated 
for 6 h prior to the observation ofGFP signals under a microscope. Representative images of the cells are 
shown. The bar indicates S /-lm. 
(D), Levels of MCM proteins in the mcblL254P mutant. Whole-cell extracts were prepared from mcm2-
GFP mcblL254P-5Flag, mcm3-GFP mcblL254P_5Flag, mcm4-GFP mcblL254P_5Flag, mcm5-RFP mcbl L254P_ 
5Flag, mcm6-GFP mcblL254P-5Flag and mcm7-GFP mcblL254P_5Flag cells before and after incubation at 
the restrictive temperature (34°C) for 6 h. The cell extracts were separated on 80/0 SDS-PAGE gels and 
blotted for Mcms-GFP with an anti-GFP antibody, for McmS-RFP with an anti-RFP, and for tubulin (as a 
loading control) with an anti-TATI antibody. 
3.13 MCM proteins are actively exported from the nucleus in mcblts mutants 
The loss of MCM proteins from the nucleus in mcbts mutants may reflect protein turnover and a 
failure to import newly synthesized molecules, or it could indicate a defect in protein retention within the 
nucleus. Steady-state levels of MCM proteins were unchanged in cells arrested by mcbts mutations (Fig. 
3-19D). Because there was no evidence of any change in protein levels, the role of nuclear export in the 
redistribution of MCM proteins in mcbts mutants was examined. The crm 1 + gene encodes a nuclear 
export receptor (Fukuda et ai., 1997). To determine whether MCM relocalization requires active nuclear 
export, the crml and mcbl genes were simultaneously inactivated. If MCM proteins require crml-
dependent active export, they should be trapped in the nucleus under these restrictive conditions. 
The crml mutant was used for this experiment. A temperature-sensitive crml allele (crml-llR) 
(Kumada et al., 1996) was combined with the mcblL254P mutant. Interestingly, Mcm2-GFP and Mcm6-
G FP themselves remained in the nucleus at the restrictive temperature (Fig. 3-19C). These results suggest 
that an active nuclear export system is required for the relocalization of MCM proteins when Mcb 1 is 
inactivated. The localization of anyone of the MCM proteins is influenced by the activity of all other 
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members of the complex. When MCM function is abrogated, MCM subunits are removed from the 
nucleus via an active nuclear export system (Pasion and Forsburg, 1999). Taking all this into 
consideration, these results suggest that MCM functions are abrogated in the mcblL254P mutant. 
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4. DISCUSSION 
The functions of MCM-BP during DNA replication have been extensively studied in several 
organisms; however, the mechanisms by which MCM-BP functions and associates with MCM complexes 
are not well understood, and there seems to be no unified view concerning the shared common function of 
MCM-BP. Therefore, the present study aimed to elucidate the molecular mechanisms underlying MCM-
BP function in fission yeast through biochemical and genetic analyses. The results showed that the fission 
yeast MCM-BP, Mcbl, plays an important role as a regulator of MCM function in pre-RC formation 
during DNA replication. 
Although Mcbl is a novel binding partner of the MCM complex in fission yeast, the nature of the 
interaction between Mcbl and MCM proteins is not yet clear. MCM proteins can be present in three 
forms: free monomers, sub-complexes, or a complete hexamer complex. In fission yeast (as in humans 
and Xenopus), Mcb 1 interacts with all MCM subunits, except Mcm2 (Ding and Forsburg, 2011). By 
contrast, ETG 1 (AtMCM-BP) interacts with all MCM complex subunits in Arabidopsis. 
Immunoprecipitation analysis showed that Mcb 1 interacted with all MCM subunits, including Mcm2, 
while the amount of Mcm2 co-precipitated by Mcb 1 was much lower than that of any other MCM. Two 
methods of preparing crude cell extracts for immunoprecipitation were tested, the spheroplast method and 
the beads method; only a very small amount of Mcm2 was immunoprecipitated by Mcb 1-5Flag using 
either method (Fig. 3-2B and 3-1SA). Furthermore, the results showed that the Mcb 1 protein could bind 
to any individual subunit of the MCM complex, and that the relative affinity of Mcb 1 for Mcm2-7 in the 
immunoprecipitation analyses was variable. Ding and Forsburg (2011) reported that interaction between 
Mcb 1 and Mcm2 could be observed when Mcb 1 is overexpresed and it is possible that the interaction 
may be weak, but not completely lacking. Therefore, the interaction profiles described above predict that 
Mcb 1 might form complexes with the individual MCMs and/or sub-complexes in addition to the 
complete MCM complex. Further studies using in vitro reconstitution of the MCM complex will be 
required to clarify these points. 
Two temperature-sensitive mcbl gene mutants were used for genetic analysis of the mcbl gene. 
The mcbtscells showed a cdc phenotype with an elongated cell shape and 2C DNA content. Similarly, 
temperature-sensitive mutants of fission yeast mcm genes arrested the cell cycle with a cdc phenotype and 
showed the classic checkpoint-dependent arrest characteristic of other replication mutants. There was a 
marked reduction in the interaction between Mcb 1 L254P and Mcm2-7 in vivo, and the interaction between 
the Mcb 1 L254P protein and individual MCM complex subunits was almost abolished both in the yeast two-
hybrid assay and in the in vitro pull-down assay. These reductions in the in vivo interaction between 
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Mcb 1 and Mcm2-7 were observed even at the permissive temperature, suggesting that the reduced level 
of the interaction is still sufficient to support the viability of mcb lL254P cells at the permissive temperature; 
however, the viability of mcblL254P mutant cells was much lower than that of the wild-type cells, even at 
the permissive temperature, which is likely due to the reduced interaction between Mcb 1 and the MCMs. 
Indeed, there were defects in S-phase progression and in the loading of Mcm7 onto the replication origins, 
even at the permissive temperature, in mcb lL254P cells. The in vivo interaction between Mcb 1 and Mcm2-7 
did not change dramatically, even when cells were cultured at the restrictive temperature, while the 
genetic analyses indicated that the functions of MCM in the mcblL254P mutant are abrogated at the 
restrictive temperature. 
Genetic analyses showed that the temperature sensitivity of mcblL254P is suppressed by 
overexpression of the mcm5 gene, indicating the close genetic relationship between mcbl and mcm5 . 
The suppression of mcblL254P temperature sensitivity by CDK modulation (by the repression of Cig2 or 
by the overexpression of Rum 1) strongly suggests that Mcbl is involved in pre-RC formation during 
DNA replication because cig2 deletion or Rum 1 overexpression extends the period of G 1 during which 
pre-RC assembly occurs and specifically suppresses the mutants that show defects in pre-RC formation 
(Grallert et aI., 2000; Maki et aI., 2011; Mondesert et aI., 1996; Yamada et ai., 2004). Based on these 
observations, defects in DNA replication were carefully examined in mcblL254P cells. Mcbl L254P cells 
showed a clear delay in S-phase progression compared with wild-type cells at both the permissive 
temperature and the restrictive temperature, suggesting that mcb lL254P cells have defects in the initiation 
of DNA replication. ChIP analysis of Mcm7 protein showed that the level of loading of Mcm7 onto a 
replication origin was significantly reduced in mcb lL254P cells relative to that in wild-type cells, even at 
the permissive temperature, suggesting inefficient pre-RC formation in mcblL254P cells. These results 
indicate that Mcb 1 plays an important role in efficient pre-RC formation by supporting the loading of the 
MCM complex onto the replication origin. 
Recently, Maki et ai. (2011) reported the importance of abundant pre-RC for survival against 
replication stress, which causes DSB (Maki, 2011). The mcm6-S1 mutation impairs the interaction with 
Cdtl and decreases the binding of MCM proteins to the replication origins. In mcm6-S1 mutants, the 
abundance of pre-RC is reduced and Rhp54 foci accumulate in the nucleus. The requirement of Mcb 1 for 
proper pre-RC formation was also confirmed by the similarity of the phenotypes observed in mcb lL254P to 
those observed in mcm6-S1 mutants. The mcblL254P mutant displayed sensitivity to MMS and CPT, both 
of which cause the formation of DSBs followed by collapse of the replication fork at the damage sites. 
The sensitivity to these drugs suggests impaired DSB repair in the mcbl L254P mutant. Similarly, the 
mcbl L254P mutant showed increased numbers of Rhp54 nuclear foci after release from MMS treatment, 
which is consistent with the phenotypes described above. In addition, the mcb lL254P mutant exhibited 
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spontaneous Rhp54 foci at a semi-permissive temperature without MMS treatment and showed increased 
levels of Rhp54 foci after MMS removal. These phenotypes are quite similar to those of the mcm6-S1 
mutant and the cdc18+ mutant (cdc18-K46), and are specifically required for the recruitment of the MCM 
complex onto chromatin during pre-RC assembly. 
The loss of A. thaliana MCM-BP (ETG 1) or human MCM-BP impairs sister chromatid cohesion 
in A. thaliana and humans, respectively (Takahashi et aI., 2008; Takahashi et al., 2010). Sister chromatid 
cohesion is essential for the appropriate distribution of chromosomes into daughter cells upon cell 
division. Several observations indicate that the establishment of cohesion is coupled to DNA replication. 
Therefore, sister chromatid cohesion defects were examined in the isolated mcb t s mutants. The severity 
of the defect in sister chromatid cohesion observed in mcblL254P mutant cells was quite similar to that in 
mrc 1 L1 or swil L1, suggesting that Mcb 1 plays important roles in sister chromatid cohesion. At this point, it 
is unclear how Mcb 1 is involved in sister chromatid cohesion; this may be an indirect effect of improper 
DNA synthesis. As Mcbl interacts with MCM proteins, it is not unlikely that the MCM subunits also 
contribute to cohesion establishment; however, until now, no such role has been reported for MCMs in 
yeasts or mammals. 
Although the function of Mcb 1 is important in pre-RC formation during replication as described 
above, ChIP analysis showed that Mcb 1 binding to replication origins was not observed during S-phase 
progression (data not shown). This is consistent with a report by Ding and Forsburg (2011). In this case, 
how does Mcb 1 support MCM complex loading onto the replication origins? MCM localization analysis 
showed that the mcb t s mutation leads to redistribution of MCM subunits to the cytoplasm, and that this 
redistribution depends on an active nuclear export system. In fission yeast, MCM proteins are 
constitutively localized in the nucleus, and this nuclear localization requires complete MCM complex 
assembly. When MCM function is abrogated, MCM subunits are removed from the nucleus via an active 
nuclear export system (Pasion and Forsburg, 1999), strongly suggesting that Mcb 1 is important for the 
regulation of MCM function. 
How does Mcb 1 regulate the function of the MCM complex? In nearly all species, the bulk of the 
MCMs are constitutively located in the nucleus throughout the entire cell cycle, where they are associated 
with chromatin and are not subject to cell cycle regulation. Budding yeast is a special case because the 
MCM proteins cycle in and out of the nucleus during a single cell cycle, so that the bulk of the proteins 
are present only in the nucleus during S-phase. It is possible that Mcb 1 functions to regulate MCMs at the 
level of chromatin association to prevent binding or activation outside of S-phase. This could be a 
regulatory function that is not needed in budding yeast, which has no MCM-BP ortholog. By contrast, the 
Mcb 1 protein appears to bind non-specifically to all the MCM subunits, and the mcbts mutation leads to 
the redistribution of the MCM subunits to the cytoplasm in a nuclear export system-dependent manner. 
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T h e s e  t w o  f i n d i n g s  r a i s e  t h e  p o s s i b i l i t y  t h a t  M c b  1  c o u l d  s e r v e  a  c h a p e r o n - l i k e  f u n c t i o n  b y  a f f e c t i n g  t h e  
p o o l  o f  M C M  p r o t e i n s  t h a t  a r e  n o t  a s s e m b l e d  i n t o  a n  i n t a c t  M C M  c o m p l e x .  T h e r e f o r e ,  t h e  f o l l o w i n g  
m o d e l  i s  p r o p o s e d  b a s e d  o n  t h e  c o l l e c t i v e  r e s u l t s :  M c b  1  t r a p s  f r e e  M C M  s u b u n i t s  o r  s u b - c o m p l e x e s  i n  
t h e  n u c l e u s  s o  t h a t  t h e  c e l l  a v o i d s  a  s i t u a t i o n  i n  w h i c h  u n a s s o c i a t e d  M C M  p r o t e i n s  b i n d  t o  o t h e r  f a c t o r s  o r  
i n t e r f e r e  w i t h  t h e  f u n c t i o n  o f  t h e  i n t a c t  M C M  c o m p l e x .  T h i s  p r o v i d e s  a  m e c h a n i s m  t h r o u g h  w h i c h  t h e  
c e l l  c a n  a s s e m b l e  i n t a c t  h e x a m e r i c  M C M  c o m p l e x e s  i n  t h e  n u c l e u s  a n d  m a i n t a i n  t h e  c o r r e c t  
s t o i c h i o m e t r y  o f  t h e  i n d i v i d u a l  s u b u n i t s .  T h e r e f o r e ,  t h e  u n a s s o c i a t e d  M C M  p r o t e i n s ,  w h i c h  c a n n o t  b e  
t r a p p e d  i n  m c b t
s  
m u t a n t s ,  i n t e r f e r e  w i t h  t h e  f u n c t i o n  o f  t h e  i n t a c t  M C M  c o m p l e x ,  l e a d i n g  t o  
r e d i s t r i b u t i o n  o f  M C M  s u b u n i t s  t o  t h e  c y t o p l a s m  b y  t h e  n u c l e a r  e x p o r t  s y s t e m  ( F i g .  4 - 1 ) .  
T h e  p r e l i m i n a r y  r e s u l t s  s h o w e d  t h a t  M c b l  I S  p r o t e i n  i s  m o r e  e n r i c h e d  i n  c h r o m a t i n  f r a c t i o n  t h a n  
M c b l  d u r i n g  e a r l y  S  p h a s e  ( d a t a  c a n  b e  f o u n d  i n  S a b r i n a  A p r i l i s a  M a r t h a  t h e s i s ,  2 0 1 2 ) ,  s u g g e s t i n g  t h a t  
t h e  a s s o c i a t i o n  o f  M c b l  t o  c h r o m a t i n  p r e v e n t s  t h e  l o a d i n g  o r  f u n c t i o n  o f  M C M  c o m p l e x .  T h i s  i s  
c o n s i s t e n t  w i t h  t h e  m o d e l  t h a t  t v 1 c b  1  a n t a g o n i z e s  t v 1 C M  f u n c t i o n  ( D i n g  a n d  F o r s b u r g ,  2 0 1 1 ) .  F u r t h e r  
a n a l y z e s  w i l l  b e  r e q u i r e d  t o  c l a r i f y  t h e s e  p o i n t s .  
c y t o p h l s m  
M c b l  M c b l L 2 5 4 P  
E x p o r t  O F F  
E x p o r t  O N  
n n l  
F I G U R E  4 - 1 .  M o d e l  o f M c b l  i n v o l v e m e n t  i n  p r e - R C  a s s e m b l y .  
M c b l  ( l a b e l e d  a s  " B P " )  i n t e r a c t i o n  t o  M C M 3 - 7 ,  f r e e  s u b u n i t s  o r  s u b c o m p l e x e s  r e t a i n s  M C M  p r o t e i n s  
w i t h i n  t h e  n u c l e u s .  H e n c e ,  t h e  n a t u r a l  s t o i c h i o m e t r y  o f  n u c l e a r  M C M  i s  m a i n t a i n e d  a n d  r e i n f o r c e s  t h e  
f o r m a t i o n  o f  h e x a m e r i c  M C M 2 - 7  a n d  i t s  a s s o c i a t i o n  t o  o r i g i n s  d u r i n g  t h e  i n i t i a t i o n  o f  D N A  r e p l i c a t i o n  
( l e f t  p a n e l ) .  I n  t h e  c a s e  o f  o v e r e x p r e s s i o n ,  t h e  p r e s e n c e  o f  e x c e s s  M c b l  w e a k e n s  t h e  s t a b i l i t y  o f  M C M  
c o m p l e x  a n d  i n c r e a s e s  t h e  o c c u r r e n c e  o f  u n a s s o c i a t e d  M C M  s u b u n i t s  o r  s u b c o m p l e x e s .  T h e s e  
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unassociated MCM proteins are prone to Crm I-dependent nuclear export system. The loss of interaction 
between MCM proteins and Mcb 1 L254P (labeled as "ts") disrupted the balanced stoichiometry for MCM 
complex formation, due to the export of free MCM proteins to cytoplasm by Crm 1 (right panel). Subunits 
or subcomplexes of MCM are differentiated with color and labeled as indicated. 
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5. Further remarks 
MCM-BP was found to be an intriguing protein. Although Mcbl presents in most of 
eukaryotes, studies in different organisms resulted in different putative functions of this protein. 
Even the most fundamental analysis concerning the interaction of MCM-BP and MCM subunits / 
complex resulted in varied result. However, phenotype similarities between different model 
organisms brought by overexpression, repression or mutation of MCM-BP suggest the presence 
of a basic molecular mechanism of the protein. 
In this study, the results obtained thus far indicated the function of MCM-BP in fission 
yeast, Mcb 1, during the course of DNA replication. The data suggest that Mcb 1 is required for 
proper pre-RC formation during the initiation of DNA replication. Reported cross-organisms 
studies have also built a large body of knowledge concerning MCM-BP. However, the mystery 
shrouding the protein has not been completely resolved. In the study, there are many research 
points that would be interesting to study, such as: 
• The lethality of mcblL254P and mcblL363P at restrictive temperature (36°C). The lethality cannot be 
explained entirely on the lost interaction between Mcb 1 and MCM, as the IP result showed that the 
majority of interaction had already been lost at permissive temperature. 
• The stable nuclear localization of Mcm3 in mcblL254P at high temperature. Unlike any other MCM 
proteins which mislocalized in high temperature, only Mcm3 retained nuclear localization when 
subjected to high temperature, without any apparent reason which distinguishes it from other Mcm. In 
addition, the change in MCM localization needs to be confirmed by biochemical analysis. 
• The detailed information concerning interaction between MCM and Mcb 1. Up to date, there has been 
no information concerning the stoichiometry of the interaction or the description of the nature of 
interaction between them. 
• The molecular mechanism for the specific suppression of mcm5+ to mcb lL254P. At glance, there are no 
obvious difference between mcm5T and other mcm genes. However, only mcm5+ showed clear partial 
suppression to mcblL254P temperature sensitivity phenotype. 
• The chromatin binding properties of mcblL254P. The preliminary result of chromatin fractionation 
showed that much higher percentage of mutated protein is present in chromatin fraction compared to 
wild-type Mcb 1 (Fig. 5-1). Furthermore, there was significant difference in the pattern of Mcm7 
chromatin binding in mcb 1 and mcb lL254P. So, it seems that the presence of Mcb 1 L254P influenced the 
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l o a d i n g  o f  M C M  o n t o  t h e  c h r o m a t i n .  H o w e v e r ,  C h I P - o n - C h I P  r e s u l t  s h o w e d  t h a t  t h e  w i l d - t y p e  M c b  1  
d i d  n o t  b i n d  t o  c h r o m a t i n  d u r i n g  D N A  r e p l i c a t i o n  ( d a t a  n o t  s h o w n ) .  I n  a d d i t i o n ,  t h e  M c b l - 5 F l a g  
C h I P  a s s a y  a l s o  s h o w e d  t h a t  t h e r e  w a s  n o  s i g n i f i c a n t  a m o u n t  o f  M c b  1  o r  M c b  1  L 2 5 4 P  i n  t h e  r e p l i c a t i o n  
o r i g i n  d u r i n g  S  p h a s e  p r o g r e s s i o n  ( F i g .  5 - 2 A ) .  I n  c o n t r a s t ,  t h e  p r e l i m i n a r y  r e s u l t  o f  i n t e r a c t i o n  
b e t w e e n  M c b  1  t o  M C M  i n  c h r o m a t i n  s h o w e d  t h a t  t h e r e  w a s  c e r t a i n  l e v e l  o f  i n t e r a c t i o n  b e t w e e n  t h e  
t w o  p r o t e i n s  d u r i n g  S  p h a s e  ( F i g .  5 - 2 B ) .  H o w e v e r ,  r e p l i c a t e  e x p e r i m e n t s  a r e  n e e d e d  t o  c o n f i r m  t h e s e  
r e s u l t s  a n d  t o  c l a r i f y  t h e  m e c h a n i s m  o f M c b  1  i n f l u e n c e  t o  c h r o m a t i n  b i n d i n g  p r o p e r t i e s  o f  M C M .  
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F I G U R E  5 - 1 .  M c b 1  s h o w e d  d y n a m i c  l o c a l i z a t i o n  a n d  i n f l u e n c e d  M c m 7  c h r o m a t i n  l o a d i n g  d u r i n g  S  
p h a s e  ( t h e  e x p e r i m e n t s  w e r e  d o n e  b y  S a b r i n a  M a r t h a  ( m a s t e r  t h e s i s ,  2 0 1 2 » .  
( A ,  C ) ,  D N A  p r o f i l e s  o f  n d a 3 - K M 3 1 1  m c b l - 5 F l a g  m c m 7 - 3 H A  ( A )  a n d  n d a 3 - K M 3 1 1  m c b l L2 5 4P - 5 F l a g  
m c m 7 - 3 H A  ( C )  c e l l s  g r o w n  i n  Y E S  m e d i u m  a t  2 5 ° C  a n d  t h e n  i n c u b a t e d  a t  2 0 ° C  f o r  4  h  t o  i n d u c e  a r r e s t  i n  
M  p h a s e .  C e l l s  w e r e  r e l e a s e d  a t  2 5 ° C  ( t i m e  0 ) .  A l i q u o t s  w e r e  h a r v e s t e d  e v e r y  2 0  m i n  u p  t o  1 2 0  m i n  a n d  
a n a l y z e d  b y  f l o w  c y t o m e t r y .  
( B ,  D ) ,  A l i q u o t s  o f  c e l l s  a t  t i m e  0 ,  4 0 ,  8 0  a n d  1 2 0  m i n u t e s  a f t e r  r e l e a s e  ( r e p r e s e n t i n g  M  p h a s e ,  e a r l y  S  
p h a s e ,  m i d d l e  S  p h a s e  a n d  l a t e  S  p h a s e  c e l l s )  w e r e  s u b j e c t e d  t o  c h r o m a t i n  f r a c t i o n a t i o n  a s  d e c r i b e d  i n  
M e t h o d s .  T h e  c e l l  e x t r a c t s  w e r e  s e p a r a t e d  o n  8 %  a n d  1 5 %  S D S - P A G E  g e l s  a n d  b l o t t e d  f o r  M c b l - 5 F l a g  
w i t h  a n  a n t i - F l a g  a n t i b o d y ,  f o r  M c m 7  w i t h  a n  a n t i - M c m 7 ,  f o r  t u b u l i n  a n d  h i s t o n e  ( a s  f r a c t i o n a t i o n  
c o n t r o l )  w i t h  a n  a n t i - T A T 1  a n d  a n t i - H 3  a n t i b o d y ,  r e p e c t i v e l y .  W ,  S a n d  C  i n d i c a t e d  w h o l e  c e l l  e x t r a c t ,  
s o l u b l e  f r a c t i o n  a n d  c h r o m a t i n - e n r i c h e d  f r a c t i o n ,  r e s p e c t i v e l y .  
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•  T h e  C r m i - d e p e n d e n t  M C M  t r a n s p 0 l 1  s y s t e m  r e l a t e d  t o  M c b l .  T h e  M C M - G F P  o b s e r v a t i o n  i n d i c a t e d  
t h e  p r e s e n c e  o f  h i g h e r  r e s i d u a l  G F P  s i g n a l  i n  t h e  n u c l e u s  o f  S - p h a s e  c e l l s .  W h i l e  t h e  G F P  s i g n a l  w a s  
h y p o t h e s i z e d  t o  d e r i v e  f r o m  c h r o m a t i n - b o u n d  M C M ,  w h i c h  i m p l i e s  t h a t  C r m  I - n u c l e a r  e x p o 1 1  a f f e c t s  
o n l y  r e m o t e  M c m  p r o t e i n s ,  i t  h a s  n o t  b e e n  c o n f i r m e d  y e t .  
•  M c b l  i n f l u e n c e  t o  M C M  c o m p l e x  s t a b i l i t y .  P r e v i o u s  s t u d i e s  s u g g e s t e d  t h a t  M c b 1  d i s r u p t e d  M C M  
c o m p l e x  s t a b i l i t y .  H o w e v e r ,  g e l  f i l t r a t i o n  r e s u l t  i n  t h i s  s t u d y  d i d  n o t  s h o w  s i g n i f i c a n t  d i f f e r e n c e  
b e t w e e n  t h e  M C M  c o m p l e x  f o r m a t i o n  i n  m c b l  a n d  m c b l L 254P .  T h e  a n a l y s i s  n e e d s  t o  b e  r e p e a t e d  a n d  
i m p r o v e d  c a r e f u l l y .  
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g r o w n  s i m i l a r l y  a s  i n  F i g .  5 . l A ,  C .  A l i q u o t s  w e r e  h a r v e s t e d  e v e r y  2 0  m i n  u p  t o  1 2 0  m i n  a n d  a n a l y z e d  b y  
8 0  
ChIP assay using an anti-Flag antibody against Mcb 1-5Flag. The loading of Mcb 1-5Flag onto ars2004 
and non-ars 1 was then determined by real-time PCR. Data represent the average % IP/lnput. 
(B), The mcm2-GFP and mcm2-GFP mcbl-5Flag cells were grown in YES medium at 30°C until mid-
log phase and then a portion of cells were treated with 12 mM HU for 4 h to induce HU arrest. The cells 
were harvested and extracted according to the chromatin fractionation protocol in buffer without salt to 
obtain soluble fraction (labeled as "soluble"). Afterwards, the chromatin-bound proteins were released by 
sonication in buffer containing 300 mM salt (labeled as "chromatin"). Both fractions were subjected to 
glass beads immunoprecipitation with anti-Flag for Mcb 1-5Flag and immunoblotted with anti-Flag for 
Mcbl-5Flag, anti-Mcm7 for Mcm7 and anti-Mcm6 for Mcm6. 
81 
6. REFERENCES 
1. Adachi, Y., Usukura, J., and Yanagida, M. (1997). A globular complex formation by Ndal and the 
other five members of the MCM protein family in fission yeast. Genes Cells 2, 467-479. 
2. Ansbach, A.B., Noguchi, C., Klansek, I.W., Heidlebaugh, M., Nakamura, T.M., and Noguchi, E. 
(2008). RFCCtf18 and the Swi 1-Swi3 complex function in separate and redundant pathways required 
for the stabilization of replication forks to facilitate sister chromatid cohesion in 
Schizosaccharomyces pombe. Mol BioI Cell 19, 595-607. 
3. Bailis, 1M., Luche, D.D., Hunter, T., and Forsburg, S.L. (2008). Minichromosome maintenance 
proteins interact with checkpoint and recombination proteins to promote s-phase genome stability. 
Mol Cell BioI 28, 1724-1738. 
4. Barnet, lA., and Lichtenthaler, F.W. (2001). A history of research on yeast 3. Yeast 18,363-388. 
5. Bell, S.P., and Dutta, A. (2002). DNA replication in eukaryotic cells. Annu Rev Biochem 71, 333-374. 
6. Benito, J., Martin-Castellanos, C., and Moreno, S. (1998). Regulation of the G 1 phase of the cell 
cycle by periodic stabilization and degradation of the p25rum 1 CDK inhibitor. EMBO J 17, 482-497. 
7. Bermudez, V.P., Maniwa, Y., Tappin, I., Ozato, K., Yokomori, K., and Hurwitz, J. (2003). The 
alternative Ctf18-Dcc l-Ctf'8-replication factor C complex required for sister chromatid cohesion 
loads proliferating cell nuclear antigen onto DNA. Proc Natl Acad Sci USA 100, 10237-10242. 
8. Bochman, M.L., Bell, S.P., and Schwacha, A. (2008). Subunit organization of Mcm2-7 and the 
unequal role of active sites in ATP hydrolysis and viability. Mol Cell BioI 28, 5865-5873. 
9. Bochman, M.L., and Schwacha, A. (2009). The Mcm complex: unwinding the mechanism of a 
replicative helicase. Microbiol Mol BioI Rev 73, 652-683. 
10. Bylund, G.O., and Burgers, P.M. (2005). Replication protein A-directed unloading of PCNA by the 
Ctf18 cohesion establishment complex. Mol Cell BioI 25, 5445-5455. 
11. Davey, MJ., Indiani, C., and O'Donnell, M. (2003). Reconstitution of the Mcm2-7p heterohexamer, 
subunit arrangement, and ATP site architecture. J BioI Chern 278, 4491-4499. 
12. Diffley, J.F. (2004). Regulation of early events in chromosome replication. CUff Bioi 14, R778-786 
13. Ding, D.Q., Yamamoto, A., Haraguchi, T., and Hiraoka, Y. (2004). Dynamics of homologous 
chromosome pairing during meiotic prophase in fission yeast. Dev Cell 6, 329-341. 
14. Ding, L., and Forsburg, S.L. (2011). Schizosaccharomyces pombe minichromosome maintenance-
binding protein (MCM-BP) antagonizes MCM helicase. J BioI Chern 286,32918-32930. 
15. Ferguson, R.L., Pascreau, G., and Maller, J.L. (2010). The cyclin A centrosomal localization 
sequence recruits MCM5 and Orc 1 to regulate centrosome reduplication. J Cell Sci 123, 2743-2749. 
16. Forbes, K.C., Humphrey, T., and Enoch, T. (1998). Suppressors of cdc25p overexpression identify 
two pathways that influence the G2/M checkpoint in fission yeast. Genetics 150,1361-1375. 
17. Forsburg, S.L. (2004). Eukaryotic MCM proteins: beyond replication initiation. Microbiol Mol BioI 
Rev 68, 109-131. 
18. Fukuda, M., Asano, S., Nakamura, T., Adachi, M., Yoshida, M., Yanagida, M., and Nishida, E. 
(1997). CRM 1 is responsible for intracellular transport mediated by the nuclear export signal. Nature 
390, 308-311. 
82 
19. Fukuura, M., Nagao, K., Obuse, C., Takahashi, T.S., Nakagawa, T., and Masukata, H. (2011). CDK 
promotes interactions of Sld3 and Drc 1 with Cut5 for initiation of DNA replication in fission yeast. 
Mol Bioi Cell 22, 2620-2633. 
20. Ge, X.Q., Jackson, D.A., and Blow, JJ. (2007). Dormant origins licensed by excess Mcm2-7 are 
required for human cells to survive replicative stress. Genes Dev 21, 3331-3341. 
21. Gozuacik, D., Chami, M., Lagorce, D., Faivre, J., Murakami, Y., Poch, 0., Biermann, E., Knippers, 
R., Brechot, C., and Paterlini-Brechot, P. (2003). Identification and functional characterization of a 
new member of the human Mcm protein family: hMcm8. Nucleic Acids Res 31,570-579. 
22. GraUert, B., Kearsey, S.E., Lenhard, M., Carlson, C.R., Nurse, P., Boye, E., and Labib, K. (2000). A 
fission yeast general translation factor reveals links between protein synthesis and cell cycle controls. 
J Cell Sci 113 (Pt 8), ]447-1458. 
23. Hanna, lS., Kroll, E.S., Lundblad, Y., and Spencer, F.A. (200]). Saccharomyces cerevisiae CTF18 
and CTF4 are required for sister chromatid cohesion. Mol Cell BioI 21, 3144-3158. 
24. Hayashi, M., Katou, Y., Itoh, T., Tazumi, A., Yamada, Y., Takahashi, T., Nakagawa, T., Shirahige, 
K., and Masukata, H. (2007). Genome-wide localization of pre-RC sites and identification of 
replication origins in fission yeast. EMBO J 26, 1327-] 339. 
25. Hiraoka, Y., Toda, T., and Yanagida, M. (1984). The NDA3 gene of fission yeast encodes beta-
tubulin: a cold-sensitive nda3 mutation reversibly blocks spindle formation and chromosome 
movement in mitosis. Cell 39, 349-358. 
26. Hubbi, M.E., Luo, W., Baek, J.H., and Semenza, G.L. (2011). MCM proteins are negative regulators 
of hypoxia-inducible factor 1. Mol Cell 42, 700-712. 
27. Ibarra, A., Schwob, E., and Mendez, J. (2008). Excess MCM proteins protect human cells from 
replicative stress by licensing backup origins of replication. Proc Natl Acad Sci USA 105, 8956-
8961. 
28. Jagannathan, M., Sakwe, A.M., Nguyen, T., and Frappier, L. (20] 2). The MCM-associated protein 
MCM-BP is important for human nuclear morphology. J Cell Sci 125,133-143. 
29. Jallepalli, P.Y., Brown, G. W., Muzi-Falconi, M., Tien, D., and Kelly, TJ. (1997). Regulation of the 
replication initiator protein p65cdc 18 by CDK phosphorylation. Genes Dev 11, 2767-2779. 
30. Johnson, E.M., Kinoshita, Y., and Daniel, D.C. (2003). A new member of the MCM protein family 
encoded by the human MCM8 gene, located contrapodal to GCDI0 at chromosome band 20pI2.3-13. 
Nucleic Acids Res 31, 2915-2925 
31. Kanter, D.M., Bruck, I., and Kaplan, D.L. (2008). Mcm subunits can assemble into two different 
active unwinding complexes. J BioI Chern 283, 31172-31182. 
32. Kato, H., Matsunaga, F., Miyazaki, S., Yin, L., D'Urso, G., Tanaka, K., and Murakami, Y. (2008). 
Schizosaccharomyces pombe Orc5 plays multiple roles in the maintenance of genome stability 
throughout the cell cycle. Cell Cycle 7, 1085-1096. 
33. Kawabata, T., Luebben, S.W., Yamaguchi, S., Ilves, I., Matise, I., Buske, T., Botchan, M.R., and 
Shima, N. (2011). Stalled fork rescue via dormant replication origins in unchallenged S phase 
promotes proper chromosome segregation and tumor suppression. Mol Cell 41, 543-553. 
34. Kawamukai, M. (1999). Isolation of a novel gene, moc2, encoding a putative RNA helicase as a 
suppressor of sterile strains in Schizosaccharomyces pombe. Biochim Biophys Acta 1446, 93-101. 
35. Krawchuk, M.D., and Wahls, W.P. (1999). High-efficiency gene targeting in Schizosaccharomyces 
pombe using a modular, PCR-based approach with long tracts of flanking homology. Yeast 15, 1419-
1427. 
83 
36. Kumada, K., Yanagida, M., and Toda, T. (1996). Caffeine-resistance in fission yeast is caused by 
mutations in a single essential gene, crm 1 +. Mol Gen Genet 250, 59-68. 
37. Kunnev, D., Rusiniak, M.E., Kudla, A., Freeland, A., Cady, G.K., and Pruitt, S.C. (2010). DNA 
damage response and tumorigenesis in Mcm2-deficient mice. Oncogene 29, 3630-3638. 
38. Kuramae, E.E., Robert, Y. Snel, B. and Boekhout, T. (2006). Conflicting phylogenetic position of 
Schizosaccharomyces pombe. Genomics 9, 387-393. 
39. Labib, K., Moreno, S., and Nurse, P. (1995). Interaction of cdc2 and rum 1 regulates Start and S-phase 
in fission yeast. 1 Cell Sci 108 ( Pt 10), 3285-3294. 
40. Legras, 1.L., Merdinoglu, D., Cornuet, l-M., and Karst, F. (2007). Bread, beer and 
wine: Saccharomyces cerevisiae diversity reflects human history. Mol Ecol 16, 2091-2102. 
41. Li, 1.1., Schnick, 1., Hayles, 1., and MacNeill, S.A. (2011). Purification and functional inactivation of 
the fission yeast MCM(MCM-BP) complex. FEBS Lett 585, 3850-3855. 
42. Liang, D.T., Hodson, 1.A., and Forsburg, S.L. (1999). Reduced dosage of a single fission yeast MCM 
protein causes genetic instability and S phase delay. 1 Cell Sci 112 ( Pt 4), 559-567. 
43. Lopez-Girona, A., Mondesert, 0., Leatherwood, 1., and Russell, P. (1998). Negative regulation of 
Cdc 18 DNA replication protein by Cdc2. Mol BioI Cell 9, 63-73. 
44. Lutzmann, M., Grey, C., Traver, S., Ganier, 0., Maya-Mendoza, A., Ranisavljevic, N., Bernex, F., 
Nishiyama, A., Montel, N., Gavois, E., et al. (2012). MCM8- and MCM9-deficient mice reveal 
gametogenesis defects and genome instability due to impaired homologous recombination. Mol Cell 
47, 523-534. 
45. Lutzmann, M., Maiorano, D., and Mechali, M. (2005). Identification of full genes and proteins of 
MCM9, a novel, vertebrate-specific member of the MCM2-8 protein family. Gene 362, 51-56. 
46. Maiorano, D., Lutzmann, M., and Mechali, M. (2006). MCM proteins and DNA replication. Curr 
Opin Cell Bioi 18, 130-136. 
47. Maki, K., Inoue, T., Onaka, A., Hashizume, H., Somete, N., Kobayashi, Y., Murakami, S., Shigaki, 
C., Takahashi, T.S., Masukata, H., and Nakagawa, T. (2011). Abundance of prereplicative complexes 
(Pre-RCs) facilitates recombinational repair under replication stress in fission yeast. 1 BioI Chern 286, 
4 1 70 1-4 1 71 O. 
48. Maradeo, M.E., and Skibbens, R. V. (2010). Replication factor C complexes play unique pro- and 
anti-establishment roles in sister chromatid cohesion. PLoS One 5, e 15381. 
49. Martin-Castellanos, C., and Moreno, S. (1996). Regulation of G 1 progression in fission yeast by the 
rum 1 + gene product. Prog Cell Cycle Res 2, 29-35. 
50. Mayer, M.L., Gygi, S.P., Aebersold, R., and Hieter, P. (2001). Identification of RFC (Ctfl8p, Ctf8p, 
Dcc 1 p): an alternative RFC complex required for sister chromatid cohesion in S. cerevisiae. Mol Cell 
7,959-970. 
51. Merkle, C.l., Karnitz, L.M., Henry-Sanchez, 1.T., and Chen, 1. (2003). Cloning and characterization 
of hCTF 18, hCTF8, and hDCC 1. Human homologs of a Saccharomyces cerevisiae complex involved 
in sister chromatid cohesion establishment. 1 BioI Chern 278, 30051-30056. 
52. Mondesert, 0., McGowan, C.H., and Russell, P. (1996). Cig2, a B-type cyclin, promotes the onset of 
S in Schizosaccharomyces pombe. Mol Cell Bioi 16, 1527-1533. 
53. Moreno, S., Klar, A., and Nurse, P. (1991). Molecular genetic analysis of fission yeast 
Schizosaccharomyces pombe. Methods Enzymol194, 795-823. 
54. Morgan, D.O. (2007). The Cell Cycle (New Science Press). 
84 
55. Nakajima, R., and Masukata, H. (2002). SpSld3 is required for loading and maintenance of SpCdc45 
on chromatin in DNA replication in fission yeast. Mol Bioi Cell 13, 1462-1472. 
56. Nakamura, T., Nakamura-Kubo, M., Hirata, A., and Shimoda, C. (2001). The Schizosaccharomyces 
pombe spo3+ gene is required for assembly of the forespore membrane and genetically interacts with 
psyl(+)-encoding syntaxin-like protein. Mol Bioi Cell 12, 3955-3972. 
57. Namdar, M., and Kearsey, S.E. (2006). Analysis of Mcm2-7 chromatin binding during anaphase and 
in the transition to quiescence in fission yeast. Exp Cell Res 312, 3360-3369. 
58. Navadgi-Patil, V.M., and Burgers, P.M. (2009). A tale of two tails: activation of DNA damage 
checkpoint kinase MecllATR by the 9-1-1 clamp and by Dpbll1TopBPl. DNA Repair (Arnst) 8, 
996-1003. 
59. Nguyen, T., Jagannathan, M., Shire, K., and Frappier, L. (2012). Interactions of the human MCM-BP 
protein with MCM complex components and Dbf4. PLoS One 7, e35931. 
60. Nishimura, K., Ishiai, M., Horikawa, K., Fukagawa, T., Takata, M., Takisawa, H., and Kanemaki, 
M.T. (2012). Mcm8 and Mcm9 form a complex that functions in homologous recombination repair 
induced by DNA interstrand crosslinks. Mol Cell 47, 511-522. 
61. Nishiyama, A., Frappier, L., and Mechali, M. (2010). MCM-BP regulates unloading of the MCM2-7 
helicase in late S phase. Genes Dev 25, 165-175. 
62. Nitani, N., Nakamura, K. Nakagawa, C., Masukata, H. and Nakagawa, T. (2006). Regulation of DNA 
replication machinery by Mrcl in fission yeast. Genetics 174,155-165. 
63. Ogawa, Y., Takahashi, T., and Masukata, H. (1999). Association of fission yeast Orpl and Mcm6 
proteins with chromosomal replication origins. Mol Cell Bioi 19, 7228-7236. 
64. Ostergaard, S., Olsson, L., and Nielsen, J. (2000). Metabolic engineering of Saccharomyces 
cerevisiae. Microbio Mol Bioi Rev 64, 34-50. 
65. Pasion, S.G., and Forsburg, S.L. (1999). Nuclear localization of Schizosaccharomyces pombe 
Mcm2/Cdc 19p requires MCM complex assembly. Mol BioI Cell 10, 4043-4057. 
66. Petronczki, M., Chwalla, B., Siomos, M.F., Yokobayashi, S., Helmhart, W., Deutschbauer, A.M., 
Davis, R. W., Watanabe, Y., and Nasmyth, K. (2004). Sister-chromatid cohesion mediated by the 
alternative RF-CCtf18/Dcc lICtf8, the helicase Chll and the polymerase-alpha-associated protein Ctf4 
is essential for chromatid disjunction during meiosis II. J Cell Sci 117, 3547-3559. 
67. Pommier, Y., Barcelo, J.M., Rao, V.A., Sordet, 0., Jobson, A.G., Thibaut, L., Miao, Z.H., Seiler, J.A., 
Zhang, H., Marchand, C., et ai. (2006). Repair of topoisomerase I-mediated DNA damage. Prog 
Nucleic Acid Res Mol BioI 81, 179-229. 
68. Prokhorova, T.A., and Blow, J.J. (2000). Sequential MCM/Pl subcomplex assembly is required to 
form a heterohexamer with replication licensing activity. J BioI Chern 275, 2491-2498. 
69. Remus, D., and Diffley, J.F. (2009). Eukaryotic DNA replication control: lock and load, then fire. 
Curr Opin Cell Bioi 21, 771-777. 
70. Sabatinos, S.A., and Forsburg, S.L. (2010). Molecular genetics of Schizosaccharomyces pombe. 
Methods Enzymol 470, 759-795. 
71. Sakwe, A.M., Nguyen, T., Athanasopoulos, V., Shire, K., and Frappier, L. (2007). Identification and 
characterization of a novel component of the human minichromosome maintenance complex. Mol 
Cell BioI 27, 3044-3055. 
72. Sato, M., Dhut, S., and Toda, T. (2005). New drug-resistant cassettes for gene disruption and epitope 
tagging in Schizosaccharomyces pombe. Yeast 22,583-591. 
85 
73. Shimmoto, M., Matsumoto, S., Odagiri, Y., Noguchi, E., Russell, P., and Masai, H. (2009). 
Interactions between Swi1-Swi3, Mrc1 and S phase kinase, Hsk1 may regulate cellular responses to 
stalled replication forks in fission yeast. Genes Cells 14, 669-682. 
74. Sazer, S., and Sherwood, S.W. (1990). Mitochondrial growth and DNA synthesis occur in the absence 
of nuclear DNA replication in fission yeast. J Cell Sci 97 ( Pt 3), 509-516. 
75. Sherman, D. A., Pasion, S. G. and Forsburg, S. L. (1998). Multiple domains of fission yeast Cdc19p 
(MCM2) are required for its association with the core MCM complex. Mol BioI Cell 9, 1833-1845. 
76. Takahashi, N., Lammens, T., Boudolf, V., Maes, S., Yoshizumi, T., De Jaeger, G., Witters, E., Inze, 
D., and De Veylder, L. (2008). The DNA replication checkpoint aids survival of plants deficient in 
the novel replisome factor ETG 1 . EMBO J 27, 1840-1851. 
77. Takahashi, N., Quimbaya, M., Schubert, V., Lammens, T., Vandepoele, K., Schubert, I., Matsui, M., 
Inze, D., Berx, G., and De Veylder, L. (2010). The MCM-binding protein ETG 1 aids sister chromatid 
cohesion required for postreplicative homologous recombination repair. PLoS Genet 6, e 1 000817. 
78. Takeda, T., Ogino, K., Matsui, E., Cho, M.K., Kumagai, H., Miyake, T., Arai, K., and Masai, H. 
(1999). A fission yeast gene, him 1 (+ )/dfp 1 (+), encoding a regulatory subunit for Hsk 1 kinase, plays 
essential roles in S-phase initiation as well as in S-phase checkpoint control and recovery from DNA 
damage. Mol Cell BioI 19, 5535-5547. 
79. Tatebayashi, K., Kato, J., and Ikeda, H. (1998). Isolation of a Schizosaccharomyces pombe rad2lts 
mutant that is aberrant in chromosome segregation, microtubule function, DNA repair and sensitive to 
hydroxyurea: possible involvement of Rad21 in ubiquitin-mediated proteolysis. Genetics 148, 49-57. 
80. Tsao, C.C., Geisen, C., and Abraham, R.T. (2004). Interaction between human MCM7 and Rad17 
proteins is required for replication checkpoint signaling. EMBO J 23, 4660-4669. 
81. Wang, S.W., Read, R.L., and Norbury, C.J. (2002). Fission yeast Pds5 is required for accurate 
chromosome segregation and for survival after DNA damage or metaphase arrest. J Cell Sci 115, 587-
598. 
82. Woods, A., Sherwin, T., Sasse, R., MacRae, T.H., Baines, A.J., and Gull, K. (1989). Definition of 
individual components within the cytoskeleton of Trypanosoma brucei by a library of monoclonal 
antibodies. J Cell Sci 93 (Pt 3),491-500. 
83. Yamada, Y., Nakagawa, T., and Masukata, H. (2004). A novel intermediate in initiation complex 
assembly for fission yeast DNA replication. Mol BioI Cell 15, 3740-3750. 
84. Yoshida, K. (2005). Identification of a novel cell-cycle-induced MCM family protein MCM9. 
Biochem Biophys Res Commun 331, 669-674. 
85. Xu, H., Boone, C., and Klein, H.L. (2004). Mrc1 is required for sister chromatid cohesion to aid in 
recombination repair of spontaneous damage. Mol Cell BioI 24, 7082-7090. 
86. Zhao, H., Tanaka, K., Nogochi, E., Noguchi, C., and Russell, P. (2003). Replication checkpoint 
protein Mrc 1 is regulated by Rad3 and Tell in fission yeast. Mol Cell BioI 23, 8395-8403. 
86 
Table 2-1. Yeast strains used in this study 
Fig. no. Strain Genotype 
KT2501 h- leul-32 ura4-D18 mcm2-GFP-hTJhMX6 
Fig.3-1A KT2502 h leul-32 ura4-D18 mcm6-GFP-hphMX6 
KT2167 h+ leul-32 ura4-D18 mchi-GFP-hphMX6 
Fio.3-1B.C KT2172 h:' leul-32 ura4-D18 mchl -5FLAG-kanMX6 cdc25-22 
PRI09 h leul-32 ura4-D18 Fig.3-2A 
h' KT2169 leul-32 ura4-Df8 mchl-5FLAG-kanMX6 
Fig.3-2B KT2502 h leul-32 ura4-D18 mcm6-GFP-hphMX6 
KT2513 h+ leul-32 ura4-D18 mcm6-GFP-hphMX6 mchl-5FLAG-kanMX6 
Fio.3-2C-E KT2458 h+ leul-32 ura4-Dl8 mchi -5FLAG-kanMX6 mcm7-3HA-hphMX6 nda3-KM31 I 
Fig.3-3A AHI09 MAT 
trp 1 -YO I leu2 -3 fl2 ura3-52 his3-200 gal4A gal80A LYS2: :GALl [\\-GALn1 ,-H1S3 
GAL2UAS-GAL2TATA-ADE2 URA3::MELl UAS-MELlTATA-lacZ 
Fig.3-4A-C PRI09 h leul-32 ura4-D18 
Fio.3-40 KT I 058 h+ leul-32 ura4-D18 mcm7-3HA-hphMX6 
Fio.3-5A PRI09 h leui-32 ura4-D18 
PRI09 h leui -32 ura4-D 1 8 
Fig.3-5C KT2169 
h+ leui-32 ura4-D18 mchl-5FLAG-kanMX6 
KT3205 h leul-32 ura4-D18 mchl L2:WP-5FLAG-KanMX6 
KT2382 h leul-32 ura4-Df8 mchl!3A3P-5FLAG-kanMX6 
Fio.3-50 KT3205 h leul-32 ura4-D18 mchlL254P-5FLAG_KanMX6 
KT2169 h+ leul-32 ura4-D18 mchl-5FLAG-kanMX6 
KT3205 h leul-32 ura4-D18 mchlL2:WP-5FLAG-KanMX6 
KT2380 h' leul-32 ura4-Df8 mchl-5FLAG-kanMX6 rad3::ura4 
Fig.3-7A KT3222 
h:' leul-32 ura4-Dl8 mchlI2:WP-5FLAG-KanMX6 rad3::ura4 
KT2364 h' leul-32 ura4-D18 mchl-5FLAG-kanMX6 cdsl::ura4 
KT3234 h' leul-32 ura4-D18 mchl L2:WP-5FLAG-KanMX6 cdsl::ura4 
KT3380 h' leul-32 ura4-D18 mchl-5FLAG-KanMX6 chkf::KanMX6 
KT3378 h' leul-32 ura4-D18 mchl 12'»P-5FLAG-KanMX6 chkl::KanMX6 
KT3197 h' leul-32 ura-l-D18? ade6-m216 mchl-5FLAG-kanMX6 chkl-3HA 
Fig.3-7B 
KT3238 h' /eul-32 ura? ade6-m216 mchp54P5FlAG-KanMX6 chkf-3HA 
KT2479 h' leul-32? ura4-D18 mchl-5FLAG-kanMX6 rad22-YFP-ura4+ 
Fig. 3-7C. 0 KT3226 h' leul-32 ura4-Df8 mchf L2:WP-5FLAG-kanMX6 rad22-YFP-ura4+ 
KT2480 h' leul-32 ura4-D18 mchl!36:>'P-5FLAG-kanMX6 rad22-YFP-ura4+ 
PRI09 h leul-32 ura4-D18 
Fig.3-7E KT3242 
h+ leuf-32 ura4-Df8 mchf L2:WP-5FLAG-KanMX6 
KT3548 h leul-32 ura-l-l)l8") ade6-m210'i cut5-T-IOf 
KT3666 h' /euf-32 ura-l-D18:? ade6-m210'i mchf L254P5F1AG-KanMX6 cut5-T-IOI 
KT2169 h+ leul-32 ura4-D18 mchl-5FLAG-kanMX6 Fig. 3-8 
leul-32 ura4-Df8 mchl L254P-5FLAG-KanMX6 KT3205 h 
Fi~.no. Strain Genotype 
KT3205 h leul-32 uru4-D1H mchl Lc<,.jP-5FLAG-KanMX6 
KT2169 h+ leul-32 uru4-D1H mchl-5FLAG-kanMX6 
KT309 h leul-32 uru4-D18 ade6-m2l0 eddY-PI 
KT2521 /7' leul-32 uru4-DlH ude6-m2/o? mehl-5FLAG-kanMX6 edcJY-Pl 
KT3275 h:' leul-32 uru4-D1H ade6-m210? meh1,c<,.jP-5FLAG-KanMX6 eddY-P1 
KT3432 h' leul-32 uru4-DI8? swi7-H4 mehl L2S+P-5FLAG-kanMX6 
KT84 h+ leul-32 swi7-H4 
KT2178 h uru4-D1H? sld3-10-uru4+ 
KT3261 h' leul-32? Vru4-D1H? mch1 LcS4P-5FLAG-KanMX6 sld3-l0-uru4+ 
KT2123 h+ leul-32 cdc2l-M63 
KT3216 /7' leul-32 uru4-D18? mch1 LcS+P-5FLAG-KanMX6 cdc21-M63 
KT2500 /7' leul-32 uru4-D18? mis5-26H 
KT3349 h' leul-32 uru4-D1H? mch1,cS4P-5FLAG-KanMX6 mis5-26H 
KT2484 h leul-32 cdel H-K46 
KT3366 h' leul-32 uru4-DlH'! mchl-5FLAG-KanMX6 cdcJH-K46 
KT3352 h' leul-32 uru4-D18? mchl,cS+P-5FLAG-KanMX6 cdcJH-K46 
KT34 I 6 h+ leul -32 uru4-D I H ade6-704 orp5-Hl Y-uru4+ 
KT3516 h' leul-32 uru4-D18 ade6-704? mch1 Lc S+P-5FLAG-KanMX6orp5-HN-uru4+ 
KT2485 h leul-32 orp l-H5 
KT3371 h+ leul-32 uru4-D18? ndal-376 
KT3430 h leul-32 uru4-D 18 hskl-8Y-uru4+ 
KT3465 h? leul-32 uru4-D 1 H hsk1-HY-uru4+ mchl L2.">",P -5FLAG-kanMX6 
KT3427 h leul-32 uru4-D1H ude6-m2l0 hskl-1312 
Fig. 3-9A, 8 KT3454 h' leul-32 uru4-DlH ade6-m210? hskl-1312 mchI LcS+P-5FLAG-kanMX6 
KT1691 h sna41-<J2H 
KT3389 h' leul-32 uru4-DI H snu4l-92H mehl L2S4P-5FLAG-kunMX6 
KT3370 h leuJ-32 nda4-JOH 
KT3382 /7' leuJ-32 uru4-Dl8? mchl Lc.<,.jP-5FLAG-KanMX6 nda4-IOH 
KT341 1 /7' leul-32 uru4-DIH? psf3-I-uru4+ 
KT3424 h? leul-32 uru4-D18? psp-J-uru4+ mchl,cS+P-5FLAG-kanMX6 
KT3386 h+ leuJ-32 uru4-D18 ude6 f!.oal-V53 
KT3387 h? leul-32 uru4-DlH ade6? mchl L2<,.jP-5FLAG-KanMX6 goal-V53 
KT2153 h leul-32 ede2 -33 
KT3440 h' leul-32 uru4-DlH? mchl L2S+P-5FLAG-KanMX6 cde2-33 
KT3377 h+ uru4-DJH memlO-5-uru4+ 
KT3376 h? leul-32? uru4-DlH mcmlO-5-uru4+ mehl-5FLAG-kanMX6 
KT3418 h' leul-32? uru4-D18 mcmlO-5-uru4+ mehl LcS+P-5FLAG-kanMX6 
KT3400 h+ leul-32 ede27-Pll 
KT3462 h' leuJ-32 uru4-DlH? mchl'2S+P-5FLAG-KanMX6 edc27-PlI 
KT243 h+ leul-32 uru4-DJ8 his7-366 cdc20-MlO 
KT3452 h' leul-32 uru4-D 18 his7-366? mehl uS4P-5FLAG-KanMX6 cdc20-MlO 
KT3403 h+ uru4-D18 cdc6-12l 
KT3458 /7' leuJ-32? uru4-DlH mchl L2S+P-5FLAG-KanMX6 cde6-121 
KT3420 h+ leul-32 uru4-DlH ade6? polutsJ3 
KT3438 h:' leul-32 uru4-D J 8 ade6? meh llcS+P -5FLAG-KanMX6 polu1sl3 
KT3470 h+ leul-32 ude6-m2J{) cUl5-T40l 
KT3666 /7' leul-32 uru4-DJH? ude6-m2l0? mchl L2S+P-5FLAG-KanMX6 cut5-T40l 
Fio. 3-9C, D KT3205 h leuJ-32 ura4-DlH mchl Lc S+P-5FLAG-KanMX6 
PRI09 h leuJ -32 uru4-D 18 
KT3205 h leuJ-32 uru4-D18 mchL2S4P-5FLAG-KanMX6 
Fig.3-IOA KT3269 h suppressor #X of 3205 
KT3270 h suppressor #Yof 3205 
KT327 1 h suppressor #Z of 3205 
PRI09 h leul-32 uru4-D 1 H 
Fig. 3-108, D KT3269 h suppressor #X of 3205 
KT3270 h suppressor #Yof 3205 
KT327 1 h suppressor #Z of 3205 
PRI09 h leul-32 uru4-DlH 
Fig.3-IOE KTI428 h uru4-DlH ciJ.!2::uru4 
KT3205 h leul-32 uru4-DlH mchl u S+P-5FLAG-KanMX6 
KT2727 1/ leul-32? ura4-D18 mchl-5FLAG-kunMX6 ciQ2::uru4 
Fig. no. Strain Genotype 
Fig.3-IOF KT3205 h leu/-32 ura4-D/8 meb/L25-lP-5FLAG-KanMX6 
Fio.3-12A KT3205 h leu/-32 ura4-D/8 mcbl L25-lP-5FLAG-KanMX6 
Fio.3-128 KT327 I h suppressor #Z of 3205 
Fio.3-12C PRI09 h leu/-32 ura4-D/8 
KT2169 h+ leu/-32 ura4-D/8 mcb/-5FLAG-kanMX6 
KT3205 h leul-32 ura4-D18 mebl L25-lP-5FLAG-KanMX6 
KT309 h leul-32 ura4-D18 ade6-m2l() edeN-PI 
KT208 h' leul-32 ura4-D18 cdsl::ura4 
KT2593 h' leu/ -32 ura4-D18 ade6-m2l0? cdc/Y-Pl cdsl ::ura4 
KT3234 h:' leul-32 ura4-D18 mcb/ L25-lP-5FLAG-KanMX6 edsl::ura4 
KT2364 h' leul-32 ura4-DlR mcbl-5FLAG-KanMX6 cds I ::ura5 
KT3197 h' leul-32 ura-l-/)18'? ade6-m2/6 mcbl-5FJAU-kanMX6 chkl-3HA 
Fig.3-13A 
h' leul-32 ura") ade6-m216 mcbl L254P5FlAU-KanMX6 chkl-3HA KT3238 
KT1785 h ura-l-JJIR rad22-YFP-llra-l 
Fig. 3-138, C KT2479 h' leui-32? ura4-D18 mcbi-5FLAG-kanMX6 rad22-YFP-ura4+ 
KT3226 h+ leul-32 llra4-DlR mcbl L25-lP-5FLAG-kanMX6 rad22-YFP-ura4+ 
KT3592 h rhp54-GFP-hphMX6 
KT3593 h mcm6-Sl-kanMX6 rhp54-GFP-hphMX6 
Fig. 3-14 KT363 I h+ leui-32? ura4-Di8? mcbi-5FLAG-KanMX6 rhp54-GFP-hphMX6 
KT3647 h' leui-32? ura4-DIR? mcbI L25-lP-5FLAG-KanMX6 rhp54-GFP-hphMX6 
KT3594 h cdc18-K46 rhp54-GFP-hphMX6 
Fio.3-15A,C KT2459 h+ leui-32 ura4-D I R mcbi-5FLAG-kanMX6 mcm7-3IJA-hphMX6 nda3-KM311 
Fio. 3-158. D KT3268 h:' leul-32? ura4-DIR mebI L25-lP-5FLAG-KanMX6 mcm7-3IJA-hphMX6 nda3-KM311 
KT2459 h+ leul-32 ura4-D18 mcbl-5FLAG-kanMX6 mcm7-3HA-hphMX6 nda3-KM3/1 
Fig. 3-15E. F, G, H KT3268 h' teul-32? ura4-D18 mcblL25-lP-5FLAG-KanMX6 mcm7-3IJA-hphMX6 nda3-KM311 
KT2464 h' teul-32? ura4-D18 mchl l3t,W -5FLAG-KanMX6 mcm7-3HA-hphMX6 nda3-KM3i / 
Fig. 3-16A, 8 KT2459 
ht leu/ -32 ura4-D / 8 mcbl -5FLAG-kanMX6 mcm7-3IJA-hphMX6 nda3-KM3/ / 
KT3268 h:+ leul-32? ura4-D/8 mcbI L25-lP-5FLAG-KanMX6 mcm7-3IJA-hphMX6 nda3-KM311 
KT3554 h+ leul -32 ura4-D 18 etfl 8: :hphMX6 
KT3584 h:' leui-32 ura4-DlR crfI8::hphMX6 mcbI L25-lP-5FLAG-KanMX6 
Fig.3-17A KT3205 h 
leu/-32 ura4-D/8 mchl L2'4P-5FLAG-KanMX6 
KT2767 h:+ leul-32? ura4-D/R? hisr-disl promoter-GFP-Lac/-NLS tv.IF-tacO repeat mchl-5FLAG-kanMX6 mcm7-3IJA-hphMX6? 
KT3214 hi leul-32? ura4-DIR? hisr-disl promoter-GFP-Lacl-NLS II's I' -lacO repeat mcbi L2'4P-5FLAG-kanMX6 
MKY7A-4 his7+-disl promoter-GFP-Lac/-NLS Ivsi+-lacO repeat 
KT2767 h' leul -32? ura4-D/ R? hisr -dis/ promoter-GFP-Lac!-NLS II'S]" -lacO repeat mchi-5FLAG-kanMX6 mcm7-3IJA-hphMX6? 
KT3214 h' leul -32? ura4-D/ R? hisr -dis/ promoter-GFP-Lac/-NLS 11'.11' -lacO repeat mcbl L25-lP -5FLAG-kanMX6 
Fig. 3-178, C KT3022 h? leul-32? ura4-D/R? hisr -dis/ promoter-GFP-Lac/-NL'i Ivsr-lacO repeat swil ::natMX6 
KT3074 h:+ leul -32? ura4-Dl R? hisr -dis 1 promoter-GFP-Lac/-NLS Iysr -lacO repeat mrc/ ::KanMX6 
KT2769 h' leul -32? ura4-D/8? hisr -dis 1 promoter-GFP-Lacl-NLS 11'.1/+ -lacO repeat mchl
' 
y,W -5FLAG-kanMX6 
KT2360 h leul-32 ura4-DlR mcm7-3HA-hphMX6 
Fig.3-18A KT236 I h leul-32 ura4-DlR mchl-5FLAG-kanMX6 mcm7-3IJA-hphMX6 
KT2407 h+ leul-32 ura4-DlR ade6? mchl 13(,:1I'-5FLAG-kanMX6 mcm7-3IJA-hphMX6 
KT324 I 1/ leul-32 ura4-DlR mcbl '2s.!P-5FLAG-KanMX6 mcm7-3IJA-hphMX6 
Fig. 3-188 KT236 I h leul -32 ura4-D I R mch/ -5FLAG-kanMX6 mcm7-3HA-hphMX6 
KT324 I h' leul-32 ura4-DlR mcbiL2.'4P-5FLAG-KanMX6 mcm7-3IJA-hphMX6 
Fig.3-18D AHI09 MAT 
trp I -YO I leu2 -3 //2 ura3-52 his3-200 }?a14A }?alROA LYS2: :GALl IIS-GALI\7\-HIS3 
GAL2UAS-GAL2TATA-ADE2 URA3::MELl UAS-MELlTATA-lacZ 
Fig. no. Strain Genotype 
KT2512 h' leul-32 ura4-DlR mcm2-GFP-hphMX6 mchl-SFLAG-kllnMX6 
KT3257 h leul-32 ura4-DlR mchl L2Sll'-5FLAG-KllnMX6 mcm2-GFP-hrhMX6 
KT2722 h' leul-32 ura4-DIR mcm2-GFP-hphMX6 mchl 1363P-5FLAG-kllnMX6 
KT3668 h+ leul-32 ura4-DlR mcm3-GFP-nlltMX6 mchl 13','P-5FLAG-kllnMX6 
KT3185 h leul-32 ura4-DlR mchl-5FLAG-kanMX6 
KT3777 h+ leul-32 ura4-DlR mcm3-GFP-nlltMX6 mchl l .2541'-5FLAG-kllnMX6 
KT3893 h+ leul-32 ura4-DlR mcm3-GFP-natMX6 mchll-'('3I'-5FLAG-kanMX6 
KT3637 h' leul-32? ura4-DlR? mcm4-GFP-ura4+ mchl-5FLAG-kllnMX6 
KT3889 h+ mcm4-GFP-ura4+ mchl L254P-5FLAG-kllnMX6 
Fig.3-19A KT3654 h' leul-32? ura4-DlR'! mcm4-GFP-ura4+ mchl u6W -5FLAG-kllnMX6 
KT3662 h' leul-32 ura4-DlR mcm5-mRFP-hphMX6 mchl-5FLAG-kanMX6 
KT3682 h' leul-32 ura4-DlR mcm5-mRFP-hphMX6 mchl L2"41'-5FLAG-kllnMX6 
KT368 I h' leul-32 ura4-DlR mcm5-mRFP-hf?hMX6 mchl 13631'-5FLAG-kanMX6 
KT25 13 h' leul-32 ura4-DlR mcm6-GFP-hphMX6 mchl-5FLAG-kllnMX6 
KT3259 h leul -32 ura4-D 1 R mchl L2541' -5FLAG-KanMX6 mcm6-GFP-hf?hMX6 
KT2724 h' leul-32 ura4-DlR mcm6-GFP-hf?hMX6 mchl 13'>3I'-5FLAG-kanMX6 
KT3639 1/ leul-32 ura4-D1R ade6-m210? mcm7-GFP-ura4+ mchl-5FLAG-kanMX6 
KT3600 h' leul-32 ura4-DlR ade6-m210? mcm7-GFP-ura4+ mchl L2"41'-5FLAG-kanMX6 
KT3652 h' /eul-32 ura4-DlR ade6-m210? mcm7-GFP-ura4+ mchl u631'-5FLAG-kanMX6 
KT2722 h? /eul-32 ura4-DIR mcm2-GFP-hrhMX6 mchlI-'61P-5FLAG-kanMX6 
Fig. 3-198 
KT3259 h leul-32 ura4-DIR mchl L254P-5FLAG-KanMX6 mcm6-GFP-hf?hMX6 
Fig.3-19C KT4208 
h? leul-32 ura4-D1R? mchl L2"41'-5FLAG-KanMX6 mcm2-GFP-hf?hMX6 crml -/J R 
KT4209 h' leul -32 ura4-DI R? mchi 2541'-5FLAG-KllnMX6 mcm6-GFP-hphMX6 crml -l 1 R 
KT3257 h leul-32 ura4-DlR mchl L2"41'-5FLAG-KllnMX6 mcm2-GFP-hf?hMX6 
KT3777 h' leul-32 ura4-DlR mcm3-GFP-natMX6 mchl L254P-5FLAG-kanMX6 
Fig.3-19D 
KT3889 h+ mcm4-GFP-ura4+ mchI L2"4P-5FLAG-kanMX6 
KT3682 h' leul-32 ura4-DlR mcm5-mRFP-hrhMX6 mchl L2"4P-5FLAG-kllnMX6 
KT3259 h leul-32 ura4-DlR mchl L2"41'-5FLAG-KllnMX6 mcm6-GFP-hphMX6 
KT3600 h' leul-32 ura4-DlR Ilde6-m2JO? mcm7-GFP-ura4+ mchl L2541'-5FLAG-kanMX6 
Fio. 5-IA, 8 KT2459 h+ leul -32 ura4-Dl R mchl-5FLAG-kanMX6 mcm7-3HA-hphMX6 nda3-KM3l 1 
Fig. 5-IC D KT3268 h' leul-32? ura4-DlR mchl L254P-5FLAG-KanMX6 mcm7-3HA-hphMX6 nda3-KM3/J 
Fig.5-2A 
KT2459 h+ leul -32 ura4-D I R mchl -5FLAG-kllnMX6 mcm7-3HA-hf?hMX6 nd1l3-KM3 1 I 
KT3268 h' leul-32? ura4-DlR mchl L2"4P-5FLAG-KanMX6 mcm7-3HA-hf?hMX6 nda3-KM3/J 
KT2501 h- leul-32 ura4-DlR mcm2-GFP-hrhMX6 
Fig. 5-28 
KT2512 h' leul-32 ura4-DlR mcm2-GFP-hf?hMX6 mchl-5FLAG-kanMX6 
Table 2-2. Plasmids used in this study 
Fi~. no. Stock no. Plasmid Relevant ~enes 
IpKT880 pGBKT7 GaI4-DBD TRP 1 
IpKTl911 pGBKT7-mcbl GaI4-DBD-mcb 1 TRP 1 
IpKT30 pGAD424 GaI4-AD LEU2 
IpKTl120 pGAD-mcm2 GaI4-AD-mcm2 LEU2 
Fig.3-3A IpKTl124 pGAD424-mcm3 GaI4-AD-mcm3 LEU2 
IpKTl174 pGAD GH-mcm4 GaI4-AD-mcm4 LEU2 
I pKT229 1 pGAD424-mcm5 GaI4-AD-mcm5 LEU2 
IpKTl126 pGAD424-mcm6 GaI4-AD-mcm6 LEU2 
IpKTl861 pGAD424-mcm7 GaI4-AD-mcm7 LEU2 
IpKT2266 pET28a-mcb 1 T7-His6-McbI ampr 
IpKT2303 pGEX-KG GSTampr 
IpKT2294 pGEX-KG-mcm2 GST-mcm2 ampr 
IpKT2295 pGEX-KG-mcm3 GST-mcm3 ampr 
Fig.3-3B IpKT2296 pGEX-KG-mcm4 GST-mcm4 ampr 
IpKT2297 pGEX-KG-mcm5 GST-mcm5 ampr 
IpKT2298 pGEX-KG-mcm6 GST-mcm6 ampr 
IpKT2299 pGEX-KG-mcm7 GST-mcm7 ampr 
IpKTl665 pRSF-Duet-swi6 His6-Swi6 
Fig. 3-4 ipKT25 pSLFl73L PnmtI-3HA LEU2 
jpKTl895 pSLF173L-mcb 1 nmtI-3HA-mcbI LEU2 
IpKT2247 pTN-LI-rad26 rad26 LEU2 
Fig.3-9C IpKT2405 pTN-LI-mcbl mcbI LEU2 
IpKT2237 pTN-LI-mcm5 mcm5 LEU2 
IpKT2247 pTN-LI-rad26 rad26 LEU2 
jpKT2239 pTN-LI-mcm2 mcm2 LEU2 
IpKT2202 pTN-LI-mcm3 mcm3 LEU2 
Fig.3-9D IpKT2223 pTN-LI-mcm4 mcm4 LEU2 
IpKT2237 pTN-LI-mcm5 mcm5 LEU2 
IpKT2227 pTN-LI-mcm6 mcm6 LEU2 
pKT2200 pTN-LI-mcm7 mcm7 LEU2 
Fig.3-10B pKT2247 pTN-LI-rad26 rad26 LEU2 
pKT2234 pTN-LI-dedl dedi LEU2 
Fig.3-IOD pKT548 pREP41 Pnmt41 LEU2 
pKT2220 IpREP41-cig2 Pnmt4I-ci/.?2 LEU2 
Fig.3-10F pKT547 IpREPI Pnmti LEU2 
pKTI072 IpREP3X-rum 1 Pnmti-rumi LEU2 
Fig.3-12A IpKTI071 IpREP3X-cdcI8 PnmtI-cdcI8 LEU2 
IpKTl756 IpREPSI-cdtl PnmtI-cdti 
Fi~. no. Stock no. Plasmid Relevant ~enes 
ipKT2334 pET28a-mcb 1 L254P T7-His6-mcb I1254P amp' 
Fig.3-18C ipKT2336 
pET28a-mcb 1 U63P T7-His6-mcblu63P amp' 
IpKT2303 pGEX-KG GSTamp' 
pKT2294 pGEX-KG-mcm2 GST-mcm2 amp' 
pKT880 IpGBKT7 Gal4-DBD TRP I 
pKT1911 pGBKT7-mcbl Gal4-DBD-mcbI TRPI 
IpKT2191 pGBKT7-mcbl L254P Gal4-DBD-mcb 112541' TRP I 
pKT30 pGAD424 Gal4-AD LEU2 
pKT1120 pGAD-mcm2 Gal4-AD-mcm2 LEU2 
Fig.3-18D 
pKT1124 pGAD424-mcm3 Gal4-AD-mcm3 LEU2 
pKTl174 pGAD GH-mcm4 Gal4-AD-mcm4 LEU2 
pKT2291 pGAD424-mcm5 Gal4-AD-mcm5 LEU2 
pKT1126 pGAD424-mcm6 Gal4-AD-mcm6 LEU2 
pKT1861 pGAD424-mcm7 Gal4-AD-mcm7 LEU2 
pKT2234 pTN-Ll-dedl dedi LEU2 
Fig.3-19B pKT2405 pTN-Ll-mcbl mcbI LEU2 
pKT2237 pTN-Ll-mcm5 mcm5 LEU2 
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